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ABSTRACT

This report describes the work performed on the Ion Propulsion
System Technology Task in FY90. The objectives of this work fall
under two broad categories. The first of these deals with issues
associated with the application of xenon ion thrusters for primary
propulsion of planetary spacecraft, and the second with the
investigation of technologies which will facilitate the development
of larger, higher power ion thrusters to support more advanced
mission applications. Most of the effort was devoted to
investigation of the critical issues associated with the use of ion
thrusters for planetary spacecraft. These issues may be succinctly
referred to as life time, system integration, and throttling.
Chief among these is the engine life time. If the engines do not
have sufficient life to perform the missions of interest, then the
other issues become unimportant.

Ion engine life time was investigated through two experimental
programs: an investigation into the reduction of ion engine
internal sputter erosion through the addition of small quantities
of nitrogen, and a long duration cathode life test. 1In addition,
a literature review and analysis of accelerator grid erosion were
performed. The nitrogen addition tests indicated that the addition
of between 0.5 and 1.0 percent of nitrogen by mass to the xenon
propellant results in a reduction in the sputter erosion of
discharge chamber components by a factor of between 20 and 50, with
negligible reduction in thruster performance. The long duration
test of a 6.35-mm dia. xenon hollow cathode is still in progress,
and has accumulated more than 4,000 hours of operation at an
emission current of 25 A at the time of this writing.

One of the major system integration issues concerns possible
interactions of the ion thruster produced charge exchange plasma
with the spacecraft. A computer model originally developed to
describe the behavior of mercury ion thruster charge exchange
plasmas was resurrected and modified for xenon propellant. This
model enables one to calculate the flow direction and local density
of the charge exchange plasma, and indicates the degree to which
this plasma can flow upstream of the thruster exhaust plane.

A continuing effort to investigate the most desirable
throttling technique for noble gas ion thrusters concentrated this
year on experimentally determining the fixed flow rate throttling
range of a 30-cm dia. thruster with a two-grid accelerator system.
These experiments demonstrated a throttling capability which covers
a 2.8 to 1 variation in input power. This throttling range is 55%
greater than expected, and is due to better accelerator system
performance at low net-to-total voltage ratios than indicated in
the literature.

To facilitate the development of large, higher power ion
thrusters several brief studies were performed. These include the
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development of a technique which simulates ion thruster operation
without beam extraction, the development of an optical technique to
measure ion thruster grid distortion due to thermal expansion,
tests of a capacitance measurement technique to quantify the
accelerator system grid separation, and the development of a
segmented thruster geometry which enables near term development of
ion thrusters at power levels greater than 100 kW. Finally, a
paper detailing the benefits of electric propulsion for the Space
Exploration Initiative was written.
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1.0 THE EFFECT OF NITROGEN ADDITION ON XENON ION ENGINE EROSION

Sputter erosion of ion engine discharge chamber components can
be reduced by a factor of 20 to 50 through the addition of small
amounts of nitrogen to the xenon propellant. Short term test
segments (typically 24 hours in duration) were performed using a
modified 30-cm diameter J-Series ion engine to identify the optimum
quantity of nitrogen per unit mass to be added to the xenon. The
optimum nitrogen fraction was found to be in the range of 0.5 to
1.0 %. The addition of nitrogen fractions greater than
approximately 1.0 % was not found to significantly reduce the
sputter erosion beyond that obtained at the 1.0 % level. Surface
analyses revealed the presence of tantalum nitrides on tantalum
engine components which were exposed to the discharge chamber

plasma when nitrogen was added. Additional surface analyses
strongly suggested the presence of molybdenum nitrides on
molybdenum engine components as well. It is believed that the

observed reduction in sputter erosion through the addition of
nitrogen results from the formation of these sputter resistant
surface nitrides. Details of this work are given in the AIAA paper
titled, "The Effect of Nitrogen on Xenon Ion Engine Erosion," which
was presented at the 21st International Electric Propulsion
Conference and is reproduced in Appendix A.



2.0 BENEFITS OF ELECTRIC PROPULSION FOR THE SPACE EXPLORATION
INITIATIVE

The high performance (i.e., high specific impulse) of electric
propulsion systems offers substantial benefits for the Space
Exploration Initiative. For Lunar cargo, Mars cargo, and piloted
Mars missions these benefits include: substantially reduced initial
mass in low Earth orbit, reduced round-trip times for piloted Mars
vehicles, availability of large amounts of electrical power en
route and at the destination, less sensitivity to launch dates and
windows, reusability, and growth potential for human exploration of
the entire solar system. These benefits are discussed in detail in
the AIAA paper titled, "Benefits of Electric Propulsion for the
Space Exploration Initiative," which was presented at the 26th
Joint Propulsion Conference and is reproduced in Appendix B.
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3.0 SIMULATED ION THRUSTER OPERATION WITHOUT BEAM EXTRACTION

The development of high power (hundreds of kilowatts) ion
engines may be greatly facilitated through the use of a technique
which enables optimization of the discharge chamber to be performed
without beam extraction. Ion thruster operation without beam
extraction results in an experimentally determined decrease in the
accelerator system transparency to ions from approximately 0.8 down
to 0.22 for the standard 30-cm dia., J-Series ion optics. The
decreased ion transparency translates into a decreased propellant
flow rate requirement for operation without beam extraction,
enabling testing to be performed in smaller vacuum chambers with
lower pumping speeds. In addition, discharge chamber optimization
without beam extraction initially decouples the discharge chamber
development from the ion accelerator system development, allowing
development of these engine components to be performed in parallel
to a much greater extent than at present.

Performance curves experimentally determined without beam
extraction are shown to agree well with actual performance curves
obtained with beam extraction. Screen grid temperatures, however,
are shown to be significantly higher without beam extraction due to
the decrease in accelerator system transparency to ions. Details
of this work are described in the AIAA paper titled, "Simulated Ion
Thruster Operation Without Beam Extraction," which was presented at
the 21st International Electric Propulsion Conference and is
reproduced in Appendix C.



4.0 AN OPTICAL TECHNIQUE TO MEASURE ION ENGINE GRID DISTORTION DUE
TO THERMAL EXPANSION

Ion engine accelerator system performance is strongly
dependent on the inter-electrode separation. Radial temperature
gradients and grid-to-grid temperature differences resulting from
normal engine operation can significantly alter the grid
separation. Thermally induced changes in the grid separation can
become increasingly severe as the engine diameter is increased
beyond the current state-of-the-art 30 cm size. Finite element
models of the grid thermal/mechanical behavior can greatly
facilitate the design of large diameter, high power ion accelerator
systems. These models, however, require experimental verification
before they can be used with confidence. Accurate grid gap
measurements made during engine operation are needed for this
verification.

Grid temperatures are known to be different for operation with
and without beam extraction (see Appendix C); therefore, it is most
desirable to obtain grid deflection measurements with beam

extraction. Non-intrusive optical techniques are the best
candidates to perform these measurements and several different
approaches were examined. A technique which measures grid

deflection by imaging laser light reflected from the screen and
accelerator grids was selected. Bench tests using this technique
with a set of 600 series, 30-cm dia. ion optics showed very
promising results. Details of this work are given in -the AIAA
paper titled, "“An Optical Technique To Measure Ion Engine Grid
Distortion Due To Thermal Expansion," which was presented at the
21st International Electric Propulsion Conference and is reproduced
in Appendix D.

Based on the successful results described in this paper,
continuing effort focussed on the measurement of the screen-to-
accelerator grid gap on grids mounted to an ion engine operating in
a vacuum tank. To measure the gap between the screen and
accelerator grids, the mirrors must be glued onto the grids so that
the mirrors are perpendicular with respect to the incident laser
light. The important difference between the work discussed in
Appendix D and the work discussed below is that in the former case,
the grids were not attached to the ion engine, but instead were
placed on a bench. Therefore the grids and mirrors were easily
accessible and it was a simple matter to adjust the mirrors glued
to the grids so that they were perpendicular to the incident laser
light. However, with the grids attached to the engine, and the
engine mounted inside the vacuum tank, positioning the mirrors
perpendicular to the laser light became more difficult. It was not
possible to correctly align the mirrors within the time and
equipment constraints of this task for this fiscal year. Therefore
no measurements were made of the gap between the screen and
accelerator grids when the ion engine was inside the vacuum tank.
However, useful information of the displacement of a single grid




with the ion engine operating in the vacuum tank was obtained using
this technique.

The ultimate resolution of this grid displacement measurement
technique is limited in part by the distance between the imaging
optics which form the images of the laser spot that is reflected
from the grids and the grids themselves (see Fig. 1). This
distance is called the "optical path". In order to maximize the
resolution obtainable with the optical equipment available for
these tests, a vacuum facility was prepared which minimizes this
optical path. A schematic diagram of the test set-up is shown in
Fig. 1.

A 30-cm diameter, divergent field ion engine was operated
without beam extraction in this vacuum facility, using argon as the
propellant. The ion engine grids were heated by the 700 watt
discharge plasma and/or cathode radiation, and the grid
displacement was measured using a technique described in Appendix
D. Mirrors made from single crystal silicon wafers were glued to
the screen and accelerator grids. A 300 mm camera lens was used as
lens 1.

Laser light reflected from the screen grid was focussed onto
the photo-detector such that the detector output indicated by a
digital storage oscilloscope was at a maximum. Any movement of the
screen grid results in a decrease in the photo-detector output,
because the laser light is no longer focussed onto the detector.
The laser light reflected from the screen grid mirror is
re-focussed onto the detector by moving the pinhole/aperture
assembly. The absolute movement of the screen grid was measured by
adjusting the pinhole/aperture assembly with a micrometer stage and
reading the amount of movement of the stage from the micrometer
barrel.

The shape of the photodetector signal at peak maximum was
somewhat irreqular, as shown in Fig. 2. Uncertainty in the peak
height, due to the irregular peak shape, was typically one to two
percent of the signal amplitude. Since a decrease in peak
amplitude of five percent was readily discernable over the
uncertainty in peak amplitude due to irregular peak shape,
uncertainty in grid movement was defined as the distance moved by
the micrometer stage such that the peak height was reduced by five
percent of the peak maximum.

The resolution of the technique, as implemented with available
equipment, was determined by performing tests with the ion engine
off. First, the laser light reflected from the screen grid mirror
was focussed onto the photo-detector, and the peak amplitude of the
signal was measured on the oscilloscope display. Next, the
micrometer stage (Fig. 1) was adjusted (rotating the micrometer
barrel clockwise) until the signal amplitude decreased by five
percent of the peak amplitude, and the micrometer reading was
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recorded. Finally, the micrometer stage was adjusted (rotating
the barrel counter-clockwise) in the opposite direction until the
signal amplitude had again decreased by five percent. ’

Table 1 Resolution of the Laser Positioning Technique
With Engine Discharge Off

e
Micrometer Position for 5 % Micrometer Position for 5 %
Decrease in Detector Output, Decrease in Detector Output,
Clockwise Turn Counter-clockwise Turn
| (mm) ) __(mm)
" 10.04 9.84
10.04 9.83 ||
10.06 9.83 “
10.06 9.84
H 10.05 9.83
10.07 9.82
10.07 9.82
10.06 9.81
10.05 9.82
10.07 9.83
10.06 9.81
10.07 9.81
Average Average
10.05 9.82

The above procedure was performed several times over a period
of several days, again with the ion engine off. Typical values are
shown in Table 1. For the data in this table the maximum signal
amplitude was obtained at a micrometer position of 9.94 mm.

The resolution of this technique, when defined as the amount
of micrometer movement to reduce the signal by five percent, was
+ 0.10 to + 0.13 mm. Normal grid separation would be expected to
be approximately 0.51 mm. It was found that the resolution of the
technique was not affected by vibrations from pumps, valves, and
motors required to operate the laser imaging set-up or the vacuum
system. Resolution could be improved by using better quality
optics to increase the uniformity in the shape of the peak;
specific hardware requirements are discussed in a later part of
this report. :



The next series of experiments were conducted with the
cathode tip heater or discharge chamber plasma heating the ion
engine grids, for the purpose of measuring both the resolution of
the laser positioning technique and the absolute movement of the
screen grid. The tip heater consisted of a coil of tantalum wire
wrapped around the cathode. The cathode was heated to over 1100
degrees centigrade when a current of several amperes was conducted
through the tip heater wire. The radiation from the cathode and
tip heater assembly then heated the ion engine screen grid.
Resolution and absolute grid movement were both determined using
the same procedure described above. Results from these studies are
summarized in Table 2. The data under the heading "% Decrease in
Signal Amplitude" are discussed below.

Table 2 Laser Positioning Technique Data
Engine Status Absolute Resolution % Decrease in
Movement (mm) Signal Amplitude
(mm) (over 60 s)

Engine Off 0 0.12 < 2.5

Tip Heater On 0.13 0.14 6.8
Discharge On 1.23 0.14 12

| at 25 A

The screen grid mirror moved 1.23 mm when the engine discharge
plasma was turned on. It is not known if this reflects movement of
the screen grid alone, or thermal expansion of the entire engine.

The amplitude of the detector signal was very stable when the
ion engine was off. However, when the tip heater and/or engine
plasma were turned on, the amplitude of the detector signal
oscillated by the amount shown in Table 2 under the heading in the
fourth column. The approximate period of the oscillation was 75
seconds. The reason for this oscillation is unknown, but it
implies that the engine or grids oscillate in position when the
engine or grids are heated. This phenomenon was observed when the
grids were mounted in the open on an optics bench, but the
oscillations were significantly smaller in magnitude. Oscillations
in the accelerator system capacitance (with approximately the same
time scale) were observed in bench tests using the technique
described in Section 8.0 of this report.

The resolution can be increased by using optical components
that are superior in quality to those used for these tests.
Specific requirements are listed below:



Replace the laser used in these experiments.

The laser used had a guaranteed signal output of * 5%.
The signal output of a superior laser would be better
than + 1%.

Replace the objective lens.

The objective lens used in these experiments reflected
some of the incident light, which was transmitted through
the beam splitter and then focussed onto the
photo-detector. - Use of an objective 1lens with a
non-reflective coatlng for the appropriate frequency
laser would result in increased resolution.

Replace the camera lens (lens 1) with a single,
high-quality lens.

The camera lens employed actually consists of 6 separate
lenses; this resulted in multiple spot images at the
photo-detector.

Replace the optical table used in these tests with a
high-quality optical table, to reduce vibration.

Replace the beam chopper.

The home-made beam chopper used in these tests added a
slight amount of oscillation to the amplitude of the
signal collected at the photo-detector.



5.0 CHARGE EXCHANGE PLUME MODELING

As inert gas ion propulsion systems are maturing toward flight
applications, integration issues are becoming increasingly
important. These issues include: the effect of plasma produced by
the ion propulsion system on spacecraft charging and solar array
power drain; contamination of critical spacecraft surfaces due to
the arrival of propellant atoms or other thruster produced
particles; radiated and conducted electromagnetic interference; and
direct ion beam impingement on spacecraft surfaces. The first two
of these integration issues are either directly or indirectly a
result of the ion engine produced charge exchange plasma.

§.1 Introduction

During normal ion engine operation a small fraction of the
propellant atoms injected into the engine do not become ionized and
escape through the accelerator system apertures as neutral atoms.
A small fraction of the fast beam ions, which are accelerated
through these same apertures, occasionally pass close enough to the
relatively slow moving neutral atoms for charge exchange collisions
to take place. The end products of these collisions are fast
moving neutral atoms and relatively slow ions. Most charge
exchange ions are produced in close proximity to the downstream
surface of the engine. Electrons from the neutralizer cathode,
along with the slow ions, form the charge exchange plasma.

In general, ions produced by the thruster may be conceptually
divided into four groups:

1. High velocity beam ions.

2. Charge exchange ions which are formed between the screen
and accelerator grids and subsequently escape in straight

line paths with angles up to 90 degrees from the thruster-

axis.

3. Ccharge exchange ions which are formed just downstream of
the accelerator grid. These ions are accelerated back to
the accelerator grid and sputter off grid material.

4. Charge exchange ions which are created farther downstream
of the accelerator grid and subsequently propagate
radially from the ion beam.

The group 4 ions have energies significantly less than both the
local electron temperature and the local potential differences in
the plasma. Consequently these ions are not limited to line-of-
sight trajectories. It is this group of ions, therefore, which may
potentially have the greatest interaction with the spacecraft. The
purpose of this study is to develop a first order modeling
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capability to describe the behavior of these ions.

A considerable number of investigations have been performed on
spacecraft charging/contamination and on the nature of the charge
exchange plasma. The majority of this work was performed in the
middle to late 1970's using mercury propellant (see, for example,
Refs. 1-7). In general, the present modeling capability results in
predicted values of charge-exchange ion number densities which are
in agreement with experimental data to only within an order of
magnitude. This is a result of the relatively simple models
employed and the difficulty of making accurate experimental
measurements due to vacuum facility effects. Recent studies on
spacecraft contamination induced by xenon ion thrusters, however,
concluded that ion thrusters probably do not pose a significant
contamination problem for the ETS-VI spacecraft.®®

Nevertheless, ion engine induced contamination issues are
still of major importance for the integration of ion propulsion
systems with other commercial and government spacecraft. The
objective of the work described herein was to first resurrect the
charge exchange plasma propagation code (PLASIM) developed for
mercury ion thrusters at Colorado State University (CSU), and
subsequently to modify this code as required for xenon propellant.
Finally, experiments to test the validity of the computer
predictions were to be identified.

5.2 PLASIM Computer Code

The PLASIM code developed by CSU simulates the propagation of
mercury charge-exchange ions emanating from the exhaust beam of a
mercury ion thruster.! The trajectories of individual ions are
simulated to determine the overall charge exchange plasma
propagation characteristics. The model consists of two parts: a
simple one-dimensional model for the generation of the charge-
exchange ions, and a model which subsequently calculates the
trajectories of these ions. The ion generation portion is used as
a line source of charge-exchange ions for the trajectory portion.
The PLASIM program considers only ions which initially propagate
radially from the ion beam, i.e., the group 4 ions described above.

The model for the charge-exchange ion generation within the
ion beam is used to establish the initial distribution of the ion
paths along the beam (axial direction), as well as the magnitude of
the charge-exchange ion densities. This model (from Ref. 1) is
briefly reviewed here, and a detailed description of the model is
presented in Appendix E. The beam is divided into 2N number of
regions for N ion trajectories (one region on each side of the ion
path) as illustrated in Fig. 3. The distribution of the
trajectories is established such that an equal number of charge-
exchange ions are created within each region. The generation rate
for the charge-exchange ions is given by

11
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ion trajectories.

Oeg = NyNV,0q o (1)

Since the neutral number density will decrease with increasing
distance from the thruster, the ion trajectories are more closely
spaced near the thruster. The neutral number density distribution
is given by

n

n, = —Xeff1-__Z .
2\ Jz2+zk | (2)

The ion current density is assumed to be constant and concentrated
on the z-axis. This assumption allows for a closed form solution
of the charge-exchange ion generation rate.! The ion current
density is given by

Jp, = mrien;v; , (3)

The total number of charge-exchange ions created is determined by
integrating the local generation rate, Eq. (1), over the axial
range yielding

12



- (4)
Ng = urgﬁ)nc#dz .

The local number density of the charge-exchange ions is calculated
as discussed in Appendix F, resulting in the following equation,
NCE 1 C

D = —,
cE N 2nx Ad, v JTe X Ad, (5)

where

Jp(1-1,) Oz m,
nZe?r,n, N /T, (6)

The paths of the charge-exchange ions are determined by cal-
culating the position of each ion through a series of iterations.
At each location a series of calculations are performed to
determine the local forces on the ion and its velocity components.
The velocity components and the iteration time-step are used to
determine the new position of each ion.

The ions are assumed to obey the "barometric equation"
relating the number density and electric potential

-eV
ne ne.zef exP( kTe) * (7)

At each location, the potential on the left and the right is cal-
culated from the number density on each side of the ion path. Once
the left and right potentials are known, the perpendicular force
(with respect to the ion trajectory) on the ion is calculated using

o= =C Av,
+ Ad, ' (8)

where d, is the smaller of the left and right spacing. (Note: It
is reported that this technique is used to help eliminate in-
stabilities at the boundaries and has a negligible effect compared
to averaging the left and right spacing.!) The parallel force is
calculated using

-e Atﬁ
Ad, ! (9)

Fy

where d, is the distance to the previous point. The parallel and

i3



perpendicular velocities are then calculated using

AV.L,I = _I_FLI'nAt . 7 ’
o (10)

The velocities are converted from parallel and perpendicular coor-
dinates to x-z coordinates and then the new position of each ion is
determined using

Xnew = Xora * Vx AL , (11)

and

znaw = zold + Vz At . (12)

This process is then repeated until either a boundary is reached or
the maximum number of iterations (as specified by the operator) is
reached. A detailed description of the handling of special
conditions and boundaries is provided in Ref. 1. -

Typical results are shown in Figs. 4 and 5. Figure 4 shows
the charge-exchange ion trajectories and Fig. 5 shows the normal-

- ized ion number density contours. The number density values are

calculated by the model only along the ion trajectories. The
values between the trajectories are calculated by interpolation.
The first and last trajectories mark the end points of the density
calculations, that is, no extrapolation has been made for densities
beyond the simulation region.

5.2.1 Normalized Number Density Profiles: It was determined
that the charge-exchange ion number density values could be
normalized for the PLASIM model. This normalization is suggested
from the theory and is discussed in detail in Appendix F. It
should be noted that this feature of the model was not discussed in
the previous publications.!? The number density values are
normalized as follows

norm = C ’ (13)

where C is given in Eq. (6). The variables in this constant
include the thruster operating parameters, the beam radius, and the
propellant properties. All of the model variables are included in
the normalization constant except for the beam electron
temperature, T,, and the geometry of the thruster and the modeling
region. These latter variables can have a significant effect on
the ion trajectories and therefore on the shape of the number

density contours.
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.~ The normalization technique was tested by comparing the
normalized density profiles for cases with different input
variables. Each variable in the normalization constant was tested
by changing its value over a range varying from a factor of two for
some variables, to two orders of magnitude for others. All of the
resulting ion trajectories and density profiles appeared to be the
same. Changing the number of ion paths, N, changes the ion paths
slightly, primarily in the upstream region, as can be seen by
comparing Figs. 4 and 6. The number density profiles are, however,
very similar as seen by comparing Figs. 5 and 7. The difference in
the normalization values in Figs. 5 and 7 is a result of the
difference in the number of ion paths used (Fig. 5, N=40 and Fig.
7, N=20). However, the values of the number density on the same
contour in each figure will be the same for similar input
parameters.

The effect that a factor of 4 increase in the beam electron
temperature, T,, has on the results can be seen in Figs. 8 and 9.
A small effect can be seen on the first few ion trajectories (paths
near the thruster), by comparing the trajectories in Figs. 4 and 8.
Since the effect is small and confined to the upstream region, the
same normalized curves can be used for changes in T, less than about
a factor of 4 or 5. However, the values in the upstream region
will be less accurate. If this is the region of interest, then new
results should be calculated using the temperature of interest. In
the previous cases, Figs. 4 through 7, T, equal to 0.35 eV was used.

The effects of changes in the input variables on the number
density can quickly be determined using the normalized contours.
For example, if the beam current is doubled the magnitude of the
number densities will increase by a factor of four, but the contour
profile shapes will be unchanged.

S.2.2 Comparison of Mercury and Xenon: Since the majority of
the published work on ion engine charge-exchange plasmas and on ion
engine plume contamination is for mercury propellant, it is
desirable to compare the charge-exchange ion trajectories and
number density profiles for xenon with a similar computation for
mercury. A comparison of the relevant properties of mercury and
xenon is shown in Table 3, and the charge-exchange collision cross
sections for mercury and xenon as a function of ion energy are
determined from Ref. 10. Since xenon has a much lower boiling
temperature than mercury, it is expected that xenon condensation on
the spacecraft would be less of a problem.

In addition to the PLASIM model developed by CSU and modified
herein, two other related models were developed. A spherical
propagation model was developed to determine the number densities
of both propellant and molybdenum charge exchange ions at distances
beyond the capabilities of the PLASIM model, and a first order
model for the accelerator grid erosion was developed to provide a
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source of metal neutral atoms required as input to the model for
spherical propagation of metal charge-exchange ions. These models
are described below. '

TABLE 3 Propellant Property Data

Property ______ Mercury Xenon "
Molecular Weight (AMU) 200.59 131.3 "
Atomic Mass (kg) 3.33 x 10 2.18 x 10% "
Boiling Temperature (K) 630 165
e —

5.3 sSpherical Propagation Model

The spherical propagation model estimates the charge-exchange
ion number densities at greater distances from the thruster than
the PLASIM model. The PLASIM model has a limited geometric range
because of its iterative solution technique. The spherical model
is capable of a much larger scale but is less accurate; therefore
for regions near the thruster the PLASIM model should be used. The
spherical model assumes that all of the charge-exchange ions

originate at a point source located one beam radius downstream of

the thruster as opposed to the line source used for the PLASIM

model. For the line source, 56 percent of the charge exchange ions
are created within one beam radius of the thruster and 76 percent
are created within two beam radii. Therefore, at distances that
are large compared to the thruster size, the assumption that the
charge-exchange ions originate at a point is reasonable."

. The charge-exchange ion production portion of the spherical
propagation model is similar to that for the PLASIM model. The
total number of charge-exchange ions created is determined by
integrating the local generation rate over the appropriate axial
range resulting in Eq. (F12) in Appendix F. The charge-exchange
ions are assumed to propagate spherically from the point source
given in Eq. (F12) which is assumed to be located one beam radius
downstream from the thruster. The charge-exchange ion number
density is given by

N = Nez
= 4TRIV ' (14)
where
kT,
Ver = m (15)
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is the Bohm velocity for the ions. Substituting Eq. (F12) into Eq.
(14) yields

N = Ji(1 - n,) 0 m, 1
*  4ane?/2m I, /KT, /KT, R? ' (16)

Substituting appropriate values for the constants yields

Ji(1 - n,)m
ng = 1.28x102 J2{1 - MM 1

2 ! (17)
I N, VTo Te Rs

where T', and T', are in eV.

The ion densities within an angle of 90 degrees from the beam
axis are calculated using the isotropic model given in Eq. (17).
For angles between 90 and 180 degrees the angular dependence is
included.?*® The ions close to the thruster leave with velocities
normal to the bean. Since the equipotentials are also
approximately normal to the beam, the ions are deflected upstream
of the thruster by the electric field. The minimum ion velocity is
used for the initial ion velocity in the 90 degree direction. This
velocity is equivalent to the accelerating potential, kT,/2e. The
potential difference antiparallel to the beam direction is V. The
ratio between the 90 and 180 degree velocity components is

2
Viso 2eAV 2
= = ctn?(0) .
Vag kT, (18)

The barometric equation may be written as

-e AV
kT, ,

g

(19)

= eXp
Neg, 50 (

The charge-exchange plasma electron temperature is assumed to be
half of the beam electron temperature (T,, = T, / 2).>’ Substituting
into Eq. (19) yields

Neg 2
= exp[-ctn?(8)] .
Neg, 90 [ ) (20)

For angles greater than 90 degrees the local ion number density is
determined by multiplying Eq. (19) by Eq. (20). Kaufman reports a
good comparison between this model and the experimental data.? The
experimental data and the model results typically agree to within
a factor of two or three.
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The charge-exchange ion number density values can be
normalized in a manner that is similar to that for the PLASIM
model; however, the normalization constant is different as a result
of the different geometry. The number density values are normalized
as follows:

n _ D Rg _
CE, norm C1 ’ ( 21 )

where

2
C, = 1.28x1028 Tp(1 - M) Oz M,

22
I, \/To Ty ( )

The variables in the constant ¢, include the thruster operating
parameters, the beam radius, and the propellant properties. All of
the model variables are included in the normalization. The effects
of changes in the input variables on the number density can quickly
be determined using the normalized contours. For example, if the
beam current is doubled the magnitude of the number density will
increase by a factor of four, but the contour profiles will be
unchanged.

Typical results are shown in Figs. 10 and 11. Figure 10 shows
a set of small scale normalized charge-exchange ion density
contours and Fig. 11 shows a set of large scale density contours.
The region near the thruster where the PLASIM model is applicable
is shown by the dashed line. The value of the number density may
be quickly calculated using this model. For example using the
model variables from Table 4 the constant, C,, is equal to 6.658 x
102, For a normalized constant value, Bz oy of 0.20 (radius of
2.236 m) the number density is 1.332 x 107 m’.

5.4 Metal Charge-Exchange Ion kodel

The data from the SERT II test revealed that the spacecraft
contamination was primarily due to molybdenum originating from the
thruster and that the contamination from the mercury propellant was
negligible.® Even though the molybdenum contamination was confined
to line-of-sight trajectories, it is desirable to have a simple
model for quickly estimating the metal charge-exchange ion number
densities at various distances from the thruster (including non-
line-of-sight 1locations) in order to estimate potential

contamination levels at different points on the spacecraft. -

The metal charge-exchange ions are formed when sputtered metal
atoms from the accelerator grid interact with the high energy
propellant ions. The sputtered atoms are a result of propellant
charge-exchange ions that form near the grids impacting with the
accelerator grid. The metal charge-exchange ions then propagate
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away from the thruster. The model is considered in two parts: a
grid erosion model, and a spherical ion propagation model.

Table 4 Example Values for Model Input Variables

Parameter Symbol Value ﬂ

Grid open area fraction _F, 0.23 |
||Beam current (A) J, 2.0
||C1ausing factor K. _0.7545
“Grid separation (mm) L, 0.6
“Propellant atomic mass - (AMU) M, 131.3

Grid material atomic mass (AMU) Mom 95.94 4ﬂ

Beam radius (m) r, 0.14

Sputter yield (atoms/ion) S 0.80

Electron temperature (eV) T,' 1.0
IlElectron temperature in charge- , 0.5 T

exchange plasma (eV) Te.p

Propellant atom temperature (eV) T,' 0.058

Metal atom temperature (eV) 7! 0.058

o.m

Net accelerating voltage (V) v, 1100
| Total voltage (V) -V, 1400 |

Propellant utilization ", 0.90

Propellant charge exchange

collision cross section (m?) VOCE 3.0x107°

Metal charge exchange collision

cross section (m?) Oce.m 6.0x10%

5.4.1 Accelerator Grid Erosion Model: Some of the propellant
charge-exchange ions are accelerated into the accelerator grid
because it is at a lower potential than the charge-exchange pPlasma.
The ions will acquire an energy approximately equal to the
accelerator potential (typically 300 volts). When these high
energy ions strike the grid, they sputter off neutral metal atoms.
The flux rate of ions to the grid is the accelerator grid current,
J,. The sputter rate is given by

25



{(m)

RADIUS

CHARGE-EXCHANGE DENSITY CONTOURS. 30 cm

3.4 LI IR A LN N D Y L N B N S B S N B O B M Sy B mnay s T 1
3.2k i
3.0} -
2.8 -
2.6 - -
2 4l G E ]
. "CcEnorm = ¢ -02 4
2.2 ]
2.0 |- _
1.8}~ :
1.6l : 0.4 i
1.4 —-
I 0.6
12'— -6-8 —_
1.0 |- 1 §
.8 j > -
6 — ——— ,-I——i——- ‘ -
4 |
i 6 I i
2 : s i \
. THRUSTER — I d
? | IS U U B S N A A [ N U B | | IQWI A NS I3 1 ¢ 1

]
6 .2 4 6 .8 1.01.21.41.61.82.02.22.42.62.83.03.23.4

VA

{m)

Figure 10 Small scale normalized density contours for the
spherical propagation model. Dashed box indicates
the region of applicability of the PLASIM model.

26

[N mn I

[MRLRT: R It



(m)

RADIUS

CHARGE-EXCHANGE DENSITY CONTOURS, 30 cm

5-0_ T ] T T T T T T T T T T I
Z NcE T
4.5 - N"CEnorm =" ¢ =004
- 0.06 7
4.0 ]
_ 0.08 ]
3.5F ]
a 0.1 i
3.0 ]
25|k N
- 0.2 ]
2.0 ]
- 0.4 4
1.5k _
- 0.6 )
N 0.8 ]
1.0 J
N i _
N 2 i
5 E ]
L 4 |
7] THRUSl‘rEﬂl 1 1 1 B
0 1 2 3 4 5 9

Z (m)

Figure 11 Large scale normalized density contours for the

spherical propagation model.

27



N, = LS (@3

For xenon ions sputtering molybdenum, the sputter yield ranges from
0.72 to 0.87 for 500 eV ions and increases to 1.60 for 1 keV ions.!!
A value of 0.80 is used here. The accelerator current is given by

where L is the effective length from the grid that contains the
charge-exchange ions that may reach it. Equation (24) may also be
written as

J, = ngel , (25)

where n, is the local charge-exchange ion production given by Eq.

(F11) of Appendix F with z=0 (location at the thruster) Equation

(F11) may be written for this case as

2Jb(1 - 1N,) 0 ] ,
92‘70 Ny Ab , (26)

Do =

where
A, = nrﬁF;K . (27)

the that in the PLASIM model the nedﬁral flow aré& was not cor-
rected for the grid open area fraction or the Clausing factor.
Substituting Egs. (26) and (27) into Eq. (25) yields

4J5(1 - )05 L

J, = — '
*  men,V, rl FK. (28)
and substituting for the constant values yields
JE(1 -n)o L [ m
J, = 2.53x101. 2! “"l E_ | = (29)
Ny Ib !To
The effective length, L, is given by
L =1L, +Lsg+ Nplp (30)

where the first term is the effective ion acceleration distance for

the accelerator system, the second term is the deceleration
distance downstream of the thruster, and the third term is an

effective length for the ion source determined by the upstream end
of the ion beam plasma. At this 1location the electric field
established by the accelerator grid negative potential falls off
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exponentially into the plasma. This form of the third term was
suggested by Kaufman® to account for ions that reach the grid due

to this effect. Kaufman suggests using a thickness of Debye
lengths, that is, N, = 5. The Debye length is given by
e kT T, (v, \M*
Ly = |—=—2 =6.21x10"¢ [= |2 I, .
‘ e’n, T (mi) b (31)

The physical grid separation is frequently used for the effective
acceleration distance, L,. The deceleration distance, L,, is calcu-
lated using the following equation'*!®

e A
LI = (1 + 3¢/ - 4¢3’2)————ij :, (32)
b

where

Ae = ﬂl';z,F, ’ (33)

and jo is the Child current between parallel plates which is given

by
5 . A% [2e va/2
o 9 \l my L2 (34)

Substituting for the Child current and the constant values yields

/22
Lg = 1.72x10‘7_”_._.‘3.(1 + 3¢1/2 - 49¥/?) .
Vs Jb (35)

All of the parameters for calculating the accelerator grid current
from Eq. (24) are now known, and the sputter .rate can be calculated
using Eq. (23). Using Eq. (23) along with the mass of the metal
atoms, the wear rate of the grid can be calculated from

J,Sm,

y = Ny, , = 22708 (36)

The wear rate can be used to estimate the material loss from the
grid over time. This rate provides the average loss over the grid
only, and cannot provide local wear rates.

5.4.2 Metal Charge-Exchange Spherical Propagation Model: The
spherical model previously discussed may also be used for the metal
charge-exchange ions. The grid erosion model provides an estimate
of the erosion rate of the metal and therefore is used as a source
of neutral species for the charge-exchange model. The metal
neutral atoms are modeled the same way the propellant neutral atoms
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were, and are considered as a Boltzmann gas with a temperature
equal to the accelerator grid temperature. The flux of the neutral
metal atoms is given by :

Nyw= =000V, A, . (37)

where A, is the grid area,

A, = nri(1 -F,) . (38)
Note .that since the metal neutrals originate from the grid
material, the fraction of grid area (1-F,) is used. For comparison
purposes the same density distribution of the propellant neutrals
is used for the metal neutrals, namely,

n,
o, = Penm(y 2z ),
g 2 T2+ 22 (39)

It may be recalled that the total production rate of the charge-
exchange ions is calculated by integrating the local production
rate as follows:

- J, o n,,.r
Negp = [Heglz) dz = —2_CEm——m b (40)

Substituting Egs. (23), (38) and (39) into Eq. (40) yields
éJ;JpE;ocmm,
re?r,v, ,(1 - F,) (41)

Neg

i

For the spherical propagation, the number density is calculated
using Eq. (14). Substituting for the constant values and using Eq.
(29) for J, yields

. . —
b(l N, 0 Oce, m & m,, (L + Ly + N, L) (42)

n,Ii(1-F,) F,K. \ T, 1/To7m 7

The density of the metal charge- exchange ions depends upon both the
propellant and the metal properties since the propellant charge-
exchange ions produce the metal neutral atoms. The metal charge-
exchange ion number density can be normalized like the propellant
charge-exchange ions as shown in Eq. (21). The contour profiles
will be the same for both ion types, since they are both assumed to
propagate spherically from a point located one beam radius down-
stream of the thruster

Deg p = 3.25x10%

5.4. 3 Calculation Example' Uslné the values for'tnewnodel
variables presented in Table 4 the following values were calculated
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at a’radius of 2.236 m from the thruster and 0 < 90 degrees
(Rgnom = 0.20): '

ng = 1.332 x 102 m?

R, = 1.772 x 10° m?

J, = 1.558 mA

wear rate = 4.463 mg/hr
N / B = 752

At 0 = 120 degrees

Dg = 9.544 x 10" m3
ng, = 1.270 x 10° m?

Although the metal charge-exchange ion number density is a factor
of 752 lower than the propellant ion number density, the metal ions
are more likely to condense on the spacecraft due to their much
higher melting point. The metal jions are therefore more likely to
be a contamination problem.

5.5 Puture Recommendations

An experimental investigation of the behavior of mercury
charge-exchange ions was performed by Carruth and Brady (Ref. 5,
pp. 67-72). This study consisted of using 1long cylindrical
Langmuir probes to determine the local charge-exchange ion number
density, flow angle and velocity/energy. An end effect associated
with long Langmuir probes enhances the ion current when the probe
is aligned with the ion flow direction. Therefore, by rotating the
probe, the flow direction can be determined by locating the maximum
current. For regions upstream of the thruster exit, the plot of ion
current verses probe angle shows a distinct peak. For regions
downstream of the exit the peak is not as distinct due to the
presence of ions that exit the thruster at "large" angles.

Facility effects have a significant effect on the accuracy of
the experimental data. Charge-exchange ions may be produced when
neutrals sputtered from the frozen mercury target enter the beam.
These ions were observed to flow from the target direction by
carruth and Brady. This effect was investigated by tilting the
target to different angles during the testing. The facility ions
did not affect the charge-exchange ion flow directions but did have
an effect on the number density. Due to the large fraction of
facility ions, number density and velocity measurements were made
in the upstream region only. A discussion of both modeling and ex-
perimental work for estimating the nature of the facility-produced
ions is provided in Ref. 5. The types of experiments performed by
carruth and Brady appear to be a reasonable first step to
experimentally investigate the behavior of the charge-exchange
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plasma produced by xenon thrusters.

Finally, a two-dimensional axisymmetric model of the thruster
beam, including density profiles for both the neutrals and the high
energy ions, is required for the development of more sophisticated
charge exchange plasma flow models. Such a model could, for
example, be used to determine the spatial distribution of charge-
exchange ions and corresponding accelerator grid erosion patterns,
which could then be compared to experimental measurements of
accelerator grid erosion.
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6.0 CATHODE LIFE TEST

6.1 Introduction

The power-limited, low thrust nature of ion propulsion results
in very long engine burn times being required to accomplish typical
missions of interest. Engine burn times of 10,000 to 15,000 hours
are generally required for deep space missions. The hollow cathode
is a key component of the ion engine, and therefore must be capable
of reliable, long term operation. Hollow cathodes have been under
development for ion engines since the middle 1960's' and have been
the subject of numerous studies and endurance tests.*® The vast
majority of these investigations performed up until the early
1980's used mercury as the working fluid, although some early
studies also looked at cesium. Cathode operation was found to be
very reliable with mercury vapor, and a life-time of greater than
25,000 hours was demonstrated® with a 6.35-mm diameter hollow
cathode operating at a discharge current of 10.5-11.5 A.

More recently ion engine research and development efforts have
centered on the use of rare gases (argon, krypton and xenon) rather
than mercury. Along with this switch from mercury is the trend to
operation at higher powers and thrust levels. These higher power
operating regimes require significantly greater cathode emission
currents. There is 1little long term, hollow cathode operating
experience with rare gases, especially at emission currents above
15 A. Most notably a 6.35-mm dia. hollow cathode was operated at
an emission current of 6.3 A for approximately 4,000 hours, and a
similar cathode (but with a larger orifice diameter) was operated
for 900 hours at an emission current of approximately 19 A.*® 1In
both of these tests, which used xenon gas, the cathodes were tested
as part of a full-up engine life test. In addition to these tests,
a 12.7-mm dia. hollow cathode was operated on argon for 1,000 hrs
at an emission current of 100 A.* A summary of inert gas hollow
cathode testing is given in Ref. 53.

There have been no tests of a rare gas hollow cathode, at an
emission current required for a 5 kW xenon ion engine, in which the
test duration was a significant fraction of the engine design life
time (10,000 hrs*®). Therefore, the present program was initiated
to perform a 5,000 hour test of a 6.35-mm dia. xenon hollow cathode
at an emission current of 25 A. The 25 A emission current level
was selected to be a more severe test of a cathode similar to that
which would be required to operate at an emission current of 19 A
in the 5 kW engine under development at NASA Lewis Research
Center.*® The test duration of 5,000 hours was selected to be half
of the engine design life, with the expectation that major design
deficiencies may be uncovered in this time span. Ultimately,
cathode tests of 10,000 hours or longer will be required.
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6.2 Apparatus and Procedure

6.2.1 The Cathode: The cathode used in this test is shown
schematically in Fig. 12. The body of this cathode consists of a
6.35-mm diameter by 57.12-mm long molybdenum tube with a nominal
wall thickness of 0.635 mm. This tube is electron beam welded to
a 2.54-mm thick molybdenum flange at the upstream end, and a 2 %
thoriated tungsten orifice plate (shown in Fig. 13) is electron
beam welded to the downstream end. The orifice plate is 1.52 mm
thick with a minimum orifice diameter of 1.80 mm. A 56 degree
half-angle chamfer is machined into the downstream face of the
orifice plate. An SEM photograph of the orifice plate welded to
the cathode tube is shown in Fig. 14. A close-up of the molybdenum
weld-bead is given in Fig. 15, indlcatlng a high quality weld with
no cracks in the weld bead itself. Evident also in this
photograph, however, is a stress crack in the tungsten orifice
plate. Two such stress cracks were found subsequent to the
electron beam welding process. Leak tests indicated that these
cracks do not go completely through the orifice plate. Previous
experience indicates that the formation of such cracks is not
unusual, so the decision was made to use this cathode for the life
test. e :

A 12.7-mm diameter by 12.7-mm long cartridge heater assembly
is used for the cathode tip heater. This heater assembly consists
of a molybdenum wire potted in aluminum oxide. The cartridge
heater is friction fitted over the downstream end of the cathode
tube. The downstream end of the cartridge heater is positioned
approximately 0.25 mm upstream of the end of the cathode. One of
the molybdenum heater leads is crimp connected to a copper 1lead
using the crimp portion of a nickel lug. This entire lead assembly
is insulated using ceramic beads. The other molybdenum heater lead
is connected directly to the stainless steel cathode flange with a
stainless steel screw. No radiation shielding is used around the
heater assembly. In addition, it is expected that with good
thermal contact between the cathode and the cartridge heater, the
downstream face of the heater will act as a radlation fin and
facilitate cooling of the cathode at high emission currents.

A 3.2-mm diameter stainless steel tube is welded into the
stainless steel cathode flange, and a gas passage is machined into
this flange as shown in Fig. 12. A gastight seal between the
stainless steel and molybdenum flanges is provided by a Grafoil
gasket and a knife edge machined in the downstream surface of the
stainless steel flange. Leak tests using nitrogen indicate that
this configuration is leak-tight to greater than 2.0x10° Pa (15
psig). These leak tests are performed using a shaped elastomer to
plug the cathode orifice and then submerging the entire assembly in
water. The internal cathode pressure during operation is on the
order of 2.7x10° Pa (20 torr) so this seal arrangement is leak-
tight at a pressure two orders of magnitude higher than required.
A photograph of the unassembled cathode is given in Fig. 16.
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Figure 14 SEM photograph of orifice plate welded to cathode
tube.
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The cathode insert indicated in Fig. 11 consists of an 80 %
dense porous tungsten cylinder impregnated with a barium-calcium-
aluminate oxide mix with a molar ratio of 4:1:1 and is identical to
the inserts used in other recent tests.®® fThe insert is 25.4-mm
long and has a wall thickness of 0.76 mm. A Mo-Re collar is brazed
to the upstream end of the insert to provide a transition material
from the tungsten insert to the three rhenium leads which are
brazed to this collar. The insert is placed into the cathode tube
with the downstream end of the insert touching the upstream face of
the orifice plate. The insert leads are clipped so that they
extend slightly beyond the upstream surface of the molybdenum
cathode flange. The assembly process of tightening the bolts which
hold the stainless steel and molybdenum flanges together compresses
the insert leads and firmly holds the insert against the orifice
plate. The cathode tube was cleaned in acetone and then in alcohol

prior to the insertion of the cathode insert. During the assembly
of the cathode and installation of the cathode into the vacuum test
facility, the insert was exposed to air for a total of 2 hours and
15 minutes.

6.2.2 Test Facility: The cathode test facility, which is
shown in Fig. 17, consists of a 0.91-m diameter by 2.1-m 1long
stainless steel vacuum tank with two 0.25-m diameter oil diffusion
"~ pumps. The cathode is mounted in a J-Series ion engine style
cathode pole piece assembly with the baffle and baffle support legs
removed. The standard J-Series thruster keeper assembly is used

for the started electrode. The cathode pole piece assembly is
bolted to a stainless steel plate which also supports the disk-
shaped anode positioned 130 mm downstream of the cathode. A

cylindrical, tantalum foil enclosure attached to the stainless
steel plate facilitates pressurization of the region between the
cathode and the anode permitting operation at lower cathode flow
rates. The anode consists of a SERT II thruster style, flat
molybdenum ion extraction grid with tantalum foil spot welded to
the side facing the cathode, and is radiation cooled.

Two W-5%Re/W-26%Re thermocouples were attached to the
downstream face of the cartridge tip heater. These thermocouples
were attached by first spot-welding tantalum foil to the molybdenum
heater surface. The thermocouples were then spot-welded to the
tantalum. A second layer of tantalum foil was spot-welded over the
thermocouples to secure them in place. In addition, a disappearing-
filament type optical pyrometer is used to measure the temperature
of the cathode as indicated in Fig. 17. The optical pyrometer was
calibrated by placing a standard lamp with a 2 % thoriated tungsten
filament in the vacuum system at the location of the cathode. The
calibration was accomplished by viewing the lamp through the vacuum
tank window over the same optical path used in the life test.

The xenon feed system consists of approximately 1.8 m of 6.35-

mm diameter stainless steel tubing and is shown in Fig. 18. All
tubing pieces and fittings were cleaned in acetone and rinsed in
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Figure 18 Life test xenon feed system.
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alcohol prior to assembly. A new MKS, Inc., 0-20 sccm, thermal
mass flow meter is used to measure the xenon flow rate into the
cathode. Downstream of this flow meter, a thermal mass flow
controller from Sierra Instruments is used to control the xenon
flow rate. This arrangement permits measurement of the flow rate
independent of the action of the flow controller. It also
eliminates possible thermal feed-back effects from the solenoid
valve in the flow controller from affecting the flow sensor.
Furthermore, this arrangement always results in the same pressure
downstream of the MKS flow meter, regardless of the pressure to
which the flow controller is exhausting. A capacitance manometer
positioned downstream of the flow controller is used to measure the
cathode internal pressure during operation. The capacitance
manometer was calibrated immediately prior to installation in the
gas feed system.

A separate pump-out line is included in the feed system to
facilitate removal of contaminant gases from the feed lines. This
pump-out line is connected to both sides of the flow controller to
provide a large diameter path for the gas. Four shut-off valves
are included in the feed system to permit isolation of different
feed system components. The entire feed system was subjected to
two series of leak tests. 1In the first, the two pump-out 1line
shut-off valves were closed along with the shut-off valve to the
cathode. The feed lines were then pressurized to 2.45x10° Pa (35
psig) and carefully checked for leaks using a soap-like bubble
solution. No leaks of xenon gas out of the system were detected.
The second set of leak tests were designed to look for air leaks
into the feed system for those components which would be operated
at pressures less than atmospheric pressure during normal
operation. 1In this case the feed system was pumped out to high
vacuum for several days, then all of the shut-off valves were
closed and the pressure increase indicated by the capacitance
manometer over another period of several days was recorded. From
these data a maximum leak rate into the propellant feed system was
estimated to be 2x107 standard cm’/s.

Both the flow controller and the flow meter were carefully
calibrated prior to the initiation of the life test. The new MKS
thermal mass flow meter was calibrated at the manufacturer's
facility on the east coast of the United States using nitrogen and
a secondary calibration standard. The flow meter was then shipped
to JPL where it was subsequently taken to the manufacturer's
facility on the west coast and recalibrated on both nitrogen and
¥enon using a primary volumetric calibration standard. Next, the
flow meter was calibrated in-house at JPL on nitrogen and xenon
using a secondary volumetric calibration standard (i.e., a "bubble"
volume calibration kit from the Hastings corporation).

The results of these calibrations are shown in Figs. 19-21.

The comparison between the calibrations performed with the MKS
primary calibration standard and the Hastings calibration kit is
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given in Fig. 19 for nitrogen. These data indicate that the
Hastings calibration kit agrees well with the primary standard
calibration. The calibrations with the Hastings kit were performed
on two separate days with no difference in the results. In
addition, the calibration on nitrogen at the MKS facility indicated
that the flow meter's calibration had not changed (within the
manufacturer's tolerance of 0.8 % of full scale) as a result of
being shipped from the east coast to the west coast.

The data in Fig. 20 indicate the flow meter's response to
xenon gas instead of nitrogen over the range of flow rates of
interest. A straight line curve fit to these data indicates a
slope of 1.22 and an intercept of 0.171. The slope of 1.22 differs
from the manufacturer's recommended correction factor for xenon of
1.32 by a significant amount. Finally, after seven months and more
than 4,000 hours of operation, the flow meter was recalibrated on
xenon using the Hastings calibration kit. The results of the new
calibration are compared to those of the old one in Fig. 21. A
curve fit to the new calibration data indicates a slope of 1.20 and
an intercept of 0.029. The new calibration data indicate a shift
in the flow meter response after seven months of continuous
operation that amounts to approximately 5 % of the flow rate. The
shift is such that the actual flow rate is 5 % less than the
indicated flow rate.

The electrical schematic for the cathode life test is given in
Fig. 22. There are three power supplies, a tip heater supply, a
starter supply, and the anode supply, all of which are 60 Hz
laboratory supplies. The starter supply is actually a parallel
combination of two separate supplies. One is a high voltage supply
capable of 900 V at 100 mA, and the other is a 35 V, 10 A supply
with current regulation. Both the tip heater and starter supplies
are only used to start the cathode. During normal operation only
the current regulated anode supply is used. A calibrated 100 mV,
30 A current shunt is used to measure the discharge current.

Commercial heater elements were installed on the vacuum tank
liner in order to heat the liner prior to initiation of the life
test. These heaters were used to bake the tank liner out at >100°C
for 30 hours prior to the beginning of the test. This bake-out
procedure resulted in an ultimate tank pressure of 9.3x10° Pa
(7%107 torr). After 4000 hours of nearly continuous high vacuum
operation the no-flow tank pressure had decreased to approximately
6.7x10° Pa (5x107 torr).

6.2.3 Computer Control system: A computer data acquisition
and control system is used to run the life test and enables long
duration, unattended operation. A detailed description of this
system is given in Appendix F.

6.2.4 Start-Up Procedure: The following procedure is used to
condition the insert and start the cathode. The insert
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conditioning is accomplished by first setting the xenon flow rate
to the normal run condition (4.0 sccm). The tip heater current is
then set to 4.0 A and the cathode is heated to approximately 500°C
(as indicated at the orifice plate) for 3 hours. After 3 hours the
heater power is removed and the cathode is allowed to cool for 30
minutes. The cathode heater current is then set to 7.0 A and the
cathode is heated to > 1050°C for 1 hour. After 1 hour the cathode
is again allowed to cool for 30 minutes after which the tip heater
current is set to 7.5 A to heat the cathode to > 1100°C. The
cathode is heated under these conditions for 30 minutes before
attempting to initiate the discharge.

6.3 Test Results After 4,200 Hours of Operation

A photograph of the cathode in operation is shown in Fig. 23
and a close-up of the cathode orifice plate is shown in Fig. 24.
The photograph in Fig. 24 was taken after 4,046 hours of operation
and indicates the view of the cathode which the test operator sees
through the optical pyrometer. The orifice plate is clearly
visible through the aperture in the starter electrode. Orifice
plate temperatures are normally taken at a radial 1location
corresponding to the midpoint of the visible portion of the orifice
plate. Temperature measurements indicate a significant radial
temperature gradient along the orifice plate. The optical
pyrometer was also used to measure the temperature of the insert
itself. The emitting surface of the insert can be clearly seen
through the cathode orifice as indicated in this photograph.
Furthermore, the insert surface appears considerably brighter than
the orifice plate. This photograph also indicates that after 4,046
hours of operation, the starter electrode does not appear to be
significantly eroded. Finally, no material deposits on the
interior diameter of the cathode orifice are evident.

A summary of the cathode life test operating history is given
in Table 5. The first five shutdowns indicated in this table were
ultimately traced to a faulty anode power supply. The faulty power
supply was an SCR regulated Sorenson supply which resulted in
rather noisy operation of the cathode as indicated in Figs. 25 and
26. Current oscillations, as indicated in Fig. 25, were typically
+2.0 and -3.5 A around a nominal value of 25.1 A, with a frequency
of approximately 80 kHz. The corresponding voltage oscillations
are shown in Fig. 26 where the average voltage is 19 V with spikes
to greater than 65 V. These data were taken with a xenon flow rate
of 4.0 sccm. After 123 hours of operation, the faulty Sorenson
power supply was replaced with a transistor regulated Hewlett-
Packard supply.
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Table 5 Cathode Life Test Summary

\]

Restart Conditions "

Shutdown | Run Test Explanation Orifice Start
# Time | Segment Plate Voltage
(hrs) | Duration Tempera- | Required
(hrs) ture (°C) ™)
—— ——
1 40 40 Low anode voltage detected by the 1143 25
computer. Faulty anode power supply.
2 62 22 Faulty anode power supply. 1047 22
3 114 52 Faulty anode power supply. 1047 18
n 4 121 7 Faulty anode power supply. 1047 35 1'
5 122 1 Faulty anode power supply. 1024 35 “
6 123 1 Manual shutdown to change anode power 1029 35 u
supply.
7 295 172 Lightning strike closed hi-vac. valves. 1041 35
Computer shut down cathode.
I
F 8 558 263 Data acquisition system failure. Computer 1052 50
shut down cathode.
9 581 23 Failure of primary and back-up printers. 1048 50
Computer shut down cathode.
10 697 116 Data acquisition system failure. Computer 1041 80
shut down cathode.
11 743 46 Data acquisition system failure. Computer 1047 80
shut down cathode.
12 1289 546 Mechanical pump belt broke. Operator 1153 900
error led to computer shutdown of
cathode.
13 1649 360 Lightning strike. Computer shut down 1085 900
cathode.
14 2704 1055 Operator error led to computer shutdown 1050 300
of cathode.
15 3020 316 Xenon bottle changed. Gas pulse required 1050 >900
to restart (200 torr).
16 3069 49 Flow controller failure. Computer shut 1050 >900
down cathode. Cathode exposed to air for
approximately 5 minutes. Gas pulse
required to restart (200 torr).
17 4221 1152 Xenon bottle changed. Gas pulse required 1050 >900
7 to restaﬂ_ (200 torr).
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Figure 25 Discharge current oscillations with Sorenson anode
supply =-- 2 A per major division vertically, 10
microseconds per major division horizontally.
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Figure 26 Discharge voltage oscillations with Sorenson anode
supply -- 20 V per major division vertically and 10
microseconds per major division horizontally.
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Operation on the Hewlett-Packard power supply was
significantly less noisy than with the Sorenson supply as indicated
in Fig. 27. This figure shows a discharge current oscillation of
+0.75 A with a frequency of 5 kHz. A higher frequency oscillation
(approximately 100 kHz) superimposed on this 5 kHz oscillation is
also evident from this oscilloscope trace. Discharge voltage
spikes, with occasional peaks to +30 V, were also detected at this
frequency. The switch from the Sorenson to the Hewlett-Packard
power supply also resulted in a decrease in orifice temperature of
approximately 50°C.

With the exception of the first 123 hours, the entire test was
conducted with the Hewlett-Packard supply, and the discharge
current oscillations shown in Fig. 27 remained unchanged until
approximately 4,000 hours of operation. At this time a low
frequency oscillation (330 Hz) appeared. The magnitude of this
oscillation was +4 A for the current and +2 V for the discharge
voltage as indicated in Figs. 28 and 29. The very high frequency
(100 kHz) oscillations were still present at this time, but the 5
kHz oscillations had disappeared. By increasing the xenon flow
rate from 4.0 sccm to 5.0 sccm the low frequency oscillations were
eliminated. Operation at the higher flow rate, however, resulted
in an anode voltage of only 12 V. It is planned that the last 700
hours of the test will be conducted at the higher flow rate.

Shutdown number 7 resulted from a nearby 1lightning strike
which momentarily removed power from the diffusion pump high vacuum
valves causing them to close. The computer detected the resulting
increase in tank pressure and shut down the cathode. Shutdown
number 9 occurred when both the primary and the backup printers
failed and the computer responded by turning off the cathode.
Shutdowns 8, 10 and 11 resulted from failures in the data
acquisition hardware, which, when detected by the computer, caused
the computer to shut down the test. A software change to increase
the tolerance to data acquisition system errors eliminated these
shutdowns.

Of the 17 shutdowns which have occurred in the 4,200 hours of
operation to date, 11 occurred in the first 750 hours. Shutdown
number 12 occurred as a result of a broken belt in one of the two
mechanical pumps backing the diffusion pumps. The broken belt
itself did not result in the shutdown since the system can operate
on a single mechanical pump. The problem occurred when the pump
was brought back on 1line following replacement of the belt.
Bringing the pump back on line created a momentary surge in the
foreline pressure which the computer detected and interpreted as
serious pumping system failure causing it to shut down the cathode.
This shutdown could have been avoided by disabling the computer
shutdown authority.

Shutdown number 13 resulted from another 1lightning strike
which again momentarily removed power from the laboratory. The
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Figure 27 Discharge current oscillations with Hewlett-Packard

anode supply -- 0.5 A per major division vertically,
100 microseconds per major division horizontally.
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Figure 28 Low frequency discharge current oscillations which
began after approximately 4000 hours of operation.
Oscillations are +4 A at 333 Hz.
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14th shutdown was a result of operator error. This error occurred
near the depletion of the 1000 liter bottle of xenon used in the
test. The high pressure side of the regulator indicated =zero
pressure, but the low pressure side still indicated 35 psig. In an
attempt to determine the remaining bottle pressure, the regulated
pressure setting was increased until it reached a maximum. The
flow controller, however, could not respond adequately to the
change in upstream pressure, resulting in a momentary decrease in
the flow rate to the cathode. This decrease in flow rate resulted
in a discharge voltage which exceeded the maximum allowable voltage
level set in the computer, causing the computer to shut down the
cathode.

The 15th and 17th shutdowns were manual shutdowns required to
change xenon bottles. Finally, shutdown number 16 was caused by
failure of the Sierra thermal mass flow controller. The flow
controller failure was such that it slowly decreased the xenon flow
rate over a period of several hours. As the flow rate decreased,
the discharge voltage increased. When the discharge voltage
exceeded the maximum allowable voltage level, the computer shut
down the cathode.

Also evident in the data in Table 5 are the conditions
required to restart the cathode following a shutdown. The first 11
times the cathode was restarted, covering a period of 743 hours of
operation, the cathode started very easily, and with relatively low
voltages applied to the starter electrodes. All of these restarts
were performed with the normal 4.0 sccm xenon flow rate through the
cathode. No conditioning procedure was used prior to these
restarts since the cathode was maintained at high vacuum with
continuous xenon flow throughout each shutdown. The lightning
strikes which caused shutdowns 7 and 13 occurred during normal
working hours and high vacuum operation was restored within
minutes. The 12th restart required 900 V applied to the starter
electrode to ignite the cathode.

Clearly evident in these data is the trend toward increasing
restart difficulty with operating time. The only exception is
restart number 14 which required 300 V applied to the keeper. This
restart, however, was accomplished within minutes of the cathode
shutdown, and the cathode did not cool off significantly before the
restart. All other restarts were performed beginning with a cold
(i.e., room temperature) cathode. The last three cathode restarts
required a 200 torr gas pulse to force the transition from the low
current high voltage glow discharge mode to the high current arc
mode. In this case, applying 900 V to the keeper electrode would
result in a 900 V, 10 mA glow discharge which would not transition
to the arc mode. To force this transition, the starter supply was
turned off and the shut-off valve leading to the cathode was closed
until the pressure indicated by the capacitance manometer indicated
200 torr. At this time the shut-off valve was opened rapidly and
the starter supply was turned on to 900 V. This procedure caused
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an immediate establishment of a 2.0 A arc discharge to the starter
electrode which was then easily transferred to the anode electrode.

The variation in the orifice plate temperature as a function
of cathode run time is given in Fig. 30. The decrease in orifice
plate temperature resulting from the change in power supplies at
run hour 123 is clearly evident in this figure. Also evident is
that subsequent to the change in power anode supplies, the orifice
plate temperature remained essentially constant at approximately
1125°C until run hour 1,000. From this point on, the orifice plate
exhibits a gradual increase in temperature with time. These data
indicate an occasional significant decrease in orifice plate
temperature. These decreases are accompanied by decreases in the
temperatures of the cathode flange and cathode support plate as
indicated by the thermocouples located there, as well as by changes
in the discharge voltage. i

Beginning after run hour 2950 measurements of the insert
brightness temperature were made using the optical pyrometer
looking at the insert surface through the cathode orifice.
Comparisons of the insert and orifice plate brightness temperatures
are given in Fig. 31 covering the time period from 2950 to 4000
hours of cathode operation. The insert and orifice plate
temperatures appear to be relatively well correlated as one would
expect. The unexpected feature of these data, however, is the high
brightness temperature of the insert. Models of the insert barium
depletion rate (as discussed in the next section) predict a very
short life time for insert operation at the temperatures indicated
in this figure.

The temperature of the stainless steel cathode flange as a
function of run time is given in Fig. 32. The large spikes
appearing in this figure correspond to cathode shutdowns. In
general, the cathode flange temperature shows a slight, gradual
increase with time. The anode current and voltage over this same
time period are given in Figs. 33 and 34. The anode power supply
is operated in the current requlating mode so that a constant 25 A
anode current is maintained. The large spikes in the anode current
correspond to cathode re-starts in which the cathode was operated
at less than 25 A for a short time. On the compressed time scale
of Fig. 33 these short time intervals appear as spikes. The
corresponding discharge voltage versus time is shown in Fig. 34.
At the beginning of the life test the discharge voltage was between
19 to 21 volts. After approximately 900 hrs the discharge voltage
dropped to 18 V and remained there for 500 hrs. At approximately
run hour 1400 the discharge voltage decreased to between 15 and 16
volts. This discharge voltage level was maintained for the next
1400 hrs, after which the discharge voltage began a gradual
increase back to approximately 18 V. The discharge voltage spike
at run hour 3069 corresponds to the flow controller failure.
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Figure 30 Orifice plate temperature versus cathode run time.
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The xenon flow rate, as measured by the MKS thermal mass flow
meter, and the interior cathode pressure are given in Figs. 35 and
36 over the first 3700 hours of cathode operation. The xenon flow
rate is maintained approximately constant by the Sierra flow
controller. Again, the spikes in the data represent short duration
operation at other flow rate settings. The cathode pressure data
indicate a slight, gradual increase in the interior pressure. This
pressure increase is most likely a result of the increase in
cathode operating temperature, since no obstructions to the xenon
gas flow can be seen in Fig. 24. Finally, the keeper voltage
versus run time is given in Fig. 37.

6.4 Model of Cathode Insert Life

A cathode life time model, developed in Ref. 34, gives the
fraction of barium lost from the insert as a function of insert
temperature and operating time according to the equation

4 = B e /T t¥/2, (43)

o
where a and B are constants with the values®
a=1.61 x 10* [K] (44)
B = 400 (hr'?j. (45)

In general the chemical reaction for the production of barium on a
hot tungsten surface is given by” :

2Ba,Al,0,(s) + W(s) = BaWo,(s) + 2BaAl,0,(s) + 3Ba(g). (46)

If this is the only reaction producing free barium, then only half
of the initial barium can be used. The other half becomes locked-
up in BawO, and BaAl,0,. However, because of other possible
reactions that may take place inserts made of impregnated porous
tungsten may be capable of dispensing between 1/3 and 2/3 of the
total impregnated barium.? Thus, the most optimistic life time
prediction would be obtained from Eq. (43) by assuming that 2/3 of
the initial barium is available to lower the surface work function.

Assuming that the insert is at the brightness temperature of
1500°C as indicated in Fig. 31 and assuming that this temperature
controls the insert life, then Eq. (43) predicts an insert life of
only 321 hours to deplete 2/3 of the total barium (g/gq, = 0.5).
since the cathode has been operating for more than 4,000 hours,
there is clearly a flaw in the reasoning. Equation (46) implicitly
assumes that all of the barium that is evaporated from the surface
is immediately lost from the cathode. However, as stated in Ref.
25, if the barium can be prevented from permanently condensing on
non-emitting cathode surfaces, then a greatly increased insert life
should result. This can be accomplished if these other cathode
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surfaces are maintained at or above 300°C, and preferably above
4OQ%LP In the present life test cathode, the temperature of the
stainless steel flange at the back of the cathode is typically 430°C
or greater, as indicated in Fig. 32, suggesting that the cathode
life could be considerably greater than that predicted by Eq. (47).
In this case, the barium that is evaporated from the insert may
migrate to other cathode surfaces, but the temperature of these
surfaces is such that the barium is prevented from condensing.
Eventually, the barium may return to the insert surface. Under
these circumstances, barium is lost from the cathode only through
the cathode orifice.

It is unlikely, however, that this non-condensing feature of
the life test cathode is sufficient to account for the difference
in predicted and demonstrated cathode life times by itself. Other
possibilities include:

1. A strong axial temperature gradient along the 25.4 mm
insert length, resulting in an average insert life which
is considerably greater than that determined by the
temperature at the downstream end.

2. A true insert temperature which is significantly less
than the brightness temperature indicated by the optical
pyrometer. If the temperature of the orifice plate
(approximately 1200°C) is used in Eq. (46), it is
calculated that 4850 hours would be required to deplete
half of the initial barium.

3. Barium reaction and evaporation rates at high
temperatures that are significantly different than those
represented by the constants in Egs. (47) and (48). The
life time predictions from Eq. (46) are very sensitive to
the value of the constant which appears in the
exponential function.

Clearly there is a need for increased understanding of barium
impregnated, hollow cathode operation at high temperatures.

6.5 BSummary

A hollow cathode 1life test is currently in progress to
investigate the long term operating characteristics of xenon hollow
cathodes operated at emission currents greater than 20 A. At the
time of this writing a 6.35-mm diameter, molybdenum body, hollow
cathode with a barium oxide impregnated porous tungsten insert has
accumulated more than 4,000 hours of operation at an emission
current of 25 A. Visual observations of the cathode orifice plate
and starter electrode suggest that very little erosion of these
components has occurred over this time period. Furthermore, no
material deposits in the interior diameter of the cathode orifice
can be seen. Variations in discharge voltage of several volts at
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constant current and flow rate have been observed over the course
of the life test. A gradual increase in the orifice plate
temperature with time has been recorded. In addition to this
gradual increase, changes in orifice plate temperature of +50°C have
been observed over time periods of a few hundred hours. Restarting
the cathode has become progressively more difficult over the course
of the life test. Finally, optical pyrometer measurements of the
insert brightness temperature indicate an insert temperature which
is far too high to be consistent with a cathode life time of
several thousand hours according to existing models.
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7.0 FIXED FLOW RATE THROTTLING
7.1 Introduction

It has generally been accepted that ion engine throttling for
outbound solar electric propulsion missions would be accomplished
through a reduction in both beam current (i.e., propellant flow
rate) and beam voltage. This throttling technique permits the
largest variation in input power. The J-Series mercury ion engines
were throttled in this manner, and were capable of operating over
a 3.8 to 1 variation in input power.® Modification of these
engines to run on xenon at higher power levels led to an engine
which could be throttled over an 8 to 1 Power range by varying both
the beam current and the beam voltage.’

7.2 Throttling With Fixed Beam Current

The overall propulsion system for inert gas ion engines,
however, could be greatly simplified if the engines could be
throttled over a large variation in input power at constant beam
current. In this case, power throttling would be accomplished by
changes in the beam voltage alone. The simplifications made
possible through constant beam current operation include the
following considerations. Constant beam current implies engine
operation with fixed propellant flow rates which, in turn,
eliminate the need for active propellant flow controllers. In this
case the fixed propellant flow rate is determined through the use
of a pressure regulator and a flow restrictor. Constant beam
current operation also implies operation at a single discharge
current, thus eliminating the need for complex software which is
currently required to control and throttle the engines.® Finally,
life testing is significantly simplified since there is only a
single discharge chamber operating point at which the engine must
be tested. Long duration testing at fixed flow rate was first
demonstrated in tests by Beattie et al.* in which a 25-cm diameter
thruster was operated for more than 4,000 hours on xenon at a
constant power level.

Operation at constant flow rate and constant beam current
requires that engine throttling be accomplished through variations
in beam voltage alone. Consequently, the allowable variation in
beam voltage at constant beam current determines the throttling
range. For the beam current to remain constant as the beam voltage
is varied, the total voltage between the screen and accelerator
grids must be constant. The total voltage is the sum of the
magnitudes of the beam voltage and the accelerator grid voltage.
As the beam voltage is decreased, the accelerator grid voltage must
be increased in order for the sum to remain fixed. The allowable
range of beam voltages for a fixed total voltage is determined by
the ratio of the beam voltage, also referred to as the net voltage,
to the total voltage as indicated in Eq. (47):
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The maximum value of the net-to-total voltage ratio, R,,,
occurs when the magnitude of the accelerator grid voltage is a
minimum. The lower limit on the magnitude of the accelerator grid
voltage is determined by the electron backstreaming limit. If
there is insufficient negative voltage on the accelerator grid,
then electrons from the neutralizer cathode will be accelerated
into the engine by the positive high voltage. The result is a
large power drain and very inefficient engine operation.
Therefore, a certain magnitude of negative voltage must be applied
to the accelerator grid to prevent this electron backing phenomena.
In general, for a two-grid accelerator system, the maximum net-to-
total voltage ratio is in the range 0.85 to 0.90.

The minimum value of the net-to-total voltage ratio occurs
when the magnitude of the accelerator grid voltage is a maximum.
The maximum accelerator grid voltage is determined by defocussing
effects of the individual ion beamlets for each pair of screen and
accelerator grid apertures. At low net-to-total voltage ratios the
ions are accelerated through the full total voltage and then
decelerated through the accelerator grid voltage, so that in the
end the ions leave the thruster with an energy equivalent to only
the net, or beam, voltage. The deceleration process defocuses the
ion beamlets, and the greater the deceleration, the more the
beamlets are defocused. The minimum net-to-total voltage ratio
occurs when the beamlets are defocused to the point where the
begin to impinge directly on the accelerator grid webbing. Data’
obtained with mercury propellant indicated that the minimum net-to-
total voltage ratio for a two-grid accelerator system was in the
range 0.4 to 0.55. Three-grid accelerator systems have been
succegifully operated at net-to-total voltage ratios as low as
0.21.””

7.3 Effect of Fixed Flow Rate Throttling on Mission Performance

The effect of constant beam current throttling on mission
performance for outbound solar electric propulsion missions is
detailed in Refs. 58, 59, and 60, and is briefly summarized here.
Performance comparisons between constant beam current and variable
beam current throttling systems were made for a comet nucleus
sample return (CNSR) mission to comet Kopff. A solar electric
propulsion system was assumed to be used for the first leg of this
mission. Specifically, the mission assumed an indirect rendezvous
trajectory to Kopff launched in the year 2000 by a Titan IV-Centaur
in which the electric propulsion system is used to deliver a
payload of between 2000 and 3000 kg to the comet. A beginning-of-
life solar array power level of 25 kW was assumed and this power
level was derated by 10 % to allow for system and environmental
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degradation.
was assumed.

In addition, a constant housekeeping power of 400 W

Mission performance calculations were performed for several
propulsion system configurations and operating modes. For a fixed
beam current of 4.0 A per thruster, system operating modes included
a maximum of 3, 4, 5 or 6 simultaneously operating thrusters.
Other calculations assumed a fixed beam current of 3.0 A per
thruster and included cases with a maximum of 4 or 5 operating
thrusters. Only one case was investigated for the variable flow
rate throttling approach; a maximum of 4 operating thrusters was
assumed. In each case, the number of operating thrusters was
continuously varied during the mission in order to produce the best
mission performance. The results of these calculations, which were
made using a modified version of the trajectory optimization
program EPITOP®, are given in Table 6.

Table 6 Comparison of Throttling Strategies
Throttling Beam Maximum Launch Initial Propellant Final Total H
Strategy Current Operating Energy Vehicle Consumed Vehicle Thruster
(A) Thrusters C, Mass (kg) (kg) Mass (kg) Days
Constant 4 3 17.7 5243 1364 3879 2607
Beam 4 4 16.4 5357 1452 3905 2775
Current 4 5 15.9 5401 1490 3911 2849
4 6 15.6 5421 1509 3911 2885
et
3 4 17.5 5258 1279 3979 3258
.3 5 16.6 5335 1338 3997 3410
Variable Beam 14 4 17.0 5299 1246 4053 3444
Current

Several interesting things are evident from the data in Table
6. First of all, the propellant expenditure is slightly higher and
the total delivered mass is slightly lower for the constant beam
current throttling cases than for the variable beam current case.
It is expected that this comparison would be true for other types
of SEP missions.® These mass differences are not considered to be
significant, so that the constant beam current throttling appears
not to affect the mission performance in a significantly adverse
manner.

The second significant item is the total number of thruster-
days required for the mission. A thruster-day represents one
thruster operated for one day. This operating time can be used
together with the number of thrusters in the system to calculate
the required thruster life time. For example, the variable beam
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current case required a total of 3444 thruster days. Multiplying
this number by 24 hours/day and assuming that the propulsion system
included 5 thrusters results in an engine life time requirement of
16,530 hours. For a 6 engine propulsion system the engine life
time requirement is reduced to 13,780 hours.

It is evident from Table 6 that all of the constant beam
current throttling cases require fewer total thruster-days than the
variable beam current case. In some cases, significantly fewer
thruster-days are required. For the 4.0 A constant beam current
throttling case with a maximum of three thrusters operating, the
number of thruster-days required is only 2607. If this propulsion
system is comprised of 6 thrusters, then a useful thruster life
time of only 10,400 hours is required. This is a 24% reduction in
required thruster life compared to the 6-engine, variable beam
current case, and a 37% reduction with respect to the 5-engine,
variable beam current system.

The reduction in total number of thruster-days for the
constant beam current throttling cases results from the engines
being operated on average at higher thrust-to-power ratios than are
typical for the variable beam current case. Thus, at each power
level, the engines throttled at constant beam current are producing
more thrust than would be produced at the same power level with
variable beam current. Since the propulsion system iséXproducing
more thrust, the total thrusting time is shorter to produce the
same total impulse. Clearly, the propulsion system configuration
and throttling technique, in addition to the mission itself, have
a substantial impact on the required engine technology, i.e.,
thruster lifetime and performance characteristics.

7.4 Experimentally Determined Throttling Range

Experiments were performed to determine the constant beam
current throttling characteristics of a 30-cm diameter, two-grid
accelerator system. These experiments were performed using a
modified J-Series® divergent-field thruster. Modifications to the
standard J-Series configuration included removal of the isolator
and vaporizer heaters, replacement of the mercury high voltage
propellant isolators with isolators designed for improved
performance with inert gas propellants, replacement of the
perforated ground screen Wwith a solid ground screen, and
replacement of all of the Teflon-coated, kapton wire with ceramic
bead insulated wire. In addition, the standard J-Series thruster
main cathode was replaced with a 6.35-mm diameter, molybdenum body,
hollow cathode with a 2 % thoriated tungsten orifice plate. A
tantalum-sheathed, tantalum heater wire was used for the cathode
tip heater. Finally, the J-Series, tantalum-clad, iron baffle was
replaced with a smaller (25.4-mm diameter) molybdenum baffle. All
tests were performed using the standard J-Series, two-grid
accelerator system.
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Laboratory power supplies were used for the main and
neutralizer cathode tip heater and keeper functions, as well as for
the accelerator grid power supply. A parallel combination of two
FMPPU main discharge supplies was used for the anode supply.® A
custom high voltage power supply fabricated by the Spellman
Corporation was used for the screen supply and could provide
voltage regulated power at up to 4.0 A and 2.0 kV. The negative
high voltage accelerator grid power supply was also voltage-
regulated and provided up to 100 mA at -2.0 kV.

All throttling tests were performed with a beam current of 3.2
A. This beam current level is the same as that used in the recent
endurance test of a 30-cm diameter ring cusp thruster® and was
selected for that reason. The allowable variation in net-to-total
voltage ratio at this beam current is given in Fig. 38 for a total
voltage of 1840 V and a discharge voltage of 28.5 V. These data
indicate a minimum value for the net-to-total voltage ratio of
0.29. At values of R less than this, beamlet defocussing results
in direct ion impingement on the accelerator grid, resulting in a
sharp increase in the accelerator grid current J,. This lower limit
on R is considerably less than the 0.40 to 0.55 values reported in
the literature for two-grid accelerator systems; however, similar
results have been recently obtained at NASA Lewis Research Center
which support this new lower limit.®

This lower limit for the net-to-total voltage ratio enables a
significant power throttling capability at constant beam current
with two-grid accelerator systems. It was previously believed that
it would be necessary to use a three grid system in order to obtain
a sufficiently 1large ©power variation. The throttling
characteristics for a constant beam current of 3.2 A are given in
Figs. 39-41 where the thrust, specific impulse and total engine
efficiency are given as functions of the engine input power. These
data indicate a maximum to minimum power variation of almost 3 to
1.

Finally, it should be noted that although constant beam
current throttling has many advantages over the more conventional
variable beam current approach, there is one potentially very
serious disadvantage. That is, operation at very low net-to-total
voltage ratios implies the use of relatively 1large negative
accelerator grid voltages. These large negative voltages may
aggravate an already severe accelerator grid erosion problem.
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8.0 CAPACITANCE MEASUREMENT FOR ACCELERATOR SYSTEM DIAGNOSTICS

Ion engine accelerator systems typically consist of two
closely spaced, perforated electrodes. The performance of the
accelerator system is strongly dependent on the electrode spacing.
Both normal and abnormal handling of the accelerator system can
alter the grid spacing when the electrodes are at room temperature.
Furthermore, radial and grid-to-grid temperature differences
occurring during normal engine operation result in thermal
expansion effects which can alter the hot grid spacing.

Conventional techniques to measure the room temperature grid
separation include the use of feeler gauges and optical refocusing
techniques. Both of these techniques provide grid separation
information at discrete locations, but are tedious to implement and
require considerable handling of the accelerator system. Several
approaches to measuring the grid separation at normal operating
temperatures (typically 300 to 500°C) have also been investigated.
These approaches include: the use of dial indicator gauges in
direct contact with the grids®, the use of calibrated pins attached
to the screen grid and extending through the accelerator grid
apertures®, and various optical techniques. Each of these
techniques provides grid separation information at discrete
locations with varying degrees of resolution.

The capacitance measurement technique makes use of the
relationship between the capacitance of two parallel plate
electrodes and their separation, which is given by the equation

- &4 (48)
c =

Measurement of the total capacitance of the accelerator system due
to the juxtaposition of the perforated electrodes results in a
number which is proportional to the average electrode separation.
Any change in total capacitance is an indication of a change in the
average grid separation. This technique is very easy to apply, is
non-intrusive, and can be used to provide such critical information
as the repeatability of the cold grid separation after thermal
cycling or handling operations.

In addition, the technique can be used to indicate the change
in average grid separation due to thermal effects generated by
normal engine operation. In this case, the engine would be
operated until the accelerator system reached thermal equilibrium,
at which point the engine would be shut down completely, and the
screen grid and accelerator grid leads would be switched into the
capacitance measuring circuit. The accelerator system capacitance
versus time would be recorded as the grids cooled down.

Preliminary bench tests have been performed with two sets of
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30-cm diameter J-Series grids. The first grid set has a nominal
grid separation of 0.64 mm {(0.025 in). This accelerator system has
a total capacitance at room temperature of 1089 pF (including the
insulator shadow shields) as measured using a Hewlett-Packard 4280A
1 MHz C Meter. The second grid set has a nominal grid separation
of 0.38 mm (0.015 in.). The smaller grid separation for this
accelerator system resulted in a measured capacitance of 1515 pF,
which is nearly 40% greater than that for the larger grid
separation. Preliminary bench tests performed using a heat lamp to
heat the accelerator system from the screen grid side indicated
that thermal effects can induce changes on the order of 10 % in the
total capacitance. 1In addition, these tests indicated that after
cooling back down to room temperature the total measured
capacitance returned to its original value (within approximately
0.1%).

A second, related application of the capacitance measurement
technique is based on the use of very small pairs of flat plate
electrodes which are attached to, but electrically isolated from,
the accelerator system grids at discrete locations of interest.
The capacitance of each pair of electrodes is proportional to the
local grid separation. This technique is more difficult to
implement than the global capacitance measurement discussed above,
but provides more detailed information.
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9.0 BSEGMENTED ION THRUSTER

The use of ion propulsion in support of the Space Exploration
Initiative will require the development of individual ion engines
which can process input powers in the range of 100 kW to greater
than 1,000 kW at specific impulses in the range of 7000 to 10,000
s. Space charge effects in the accelerator system of ion engines
place an upper 1limit on the thrust density (and hence power
density) which ion engines can achieve at a given specific impulse.
Therefore, to increase the power and thrust capabilities of an ion
engine it is necessary to increase the area of the ion accelerator
system while maintaining a constant thrust density. The most
straightforward approach to increasing the accelerator grid area is
to simply increase the engine diameter. To maintain a constant
thrust density, as the engine diameter is increased, requires that
the grid-to-grid separation remain constant.

This requirement results in increasing values of the grid
span-to-gap ratio, i.e., the ratio of the accelerator system
diameter to the grid separation. The current state-of-the-art, 30-
cm diameter, ion accelerator system has a span-to-gap ratio of
approximately 500. The span-to-gap ratio is limited by mechanical
constraints imposed by fabrication and handling procedures, as well
as by thermal effects which serve to alter the grid separation
during normal engine operation.

Near-term development of > 100 kW argon ion engines may be
achieved through the use of the innovative Segmented Ion Thruster
(SIT) design approach. This approach uses six distinct ion source
chambers (or segments) along with six discrete accelerator systems
as suggested in Fig. 42. The six individual ion source segments
are configured to operate as a single ion engine from a single
power processor unit as suggested in Fig. 43. This single power
processor unit consists of six individual anode power supplies (one
for each ion source segment), a single positive high voltage screen
supply, a single negative high voltage accelerator supply, a
neutralizer tip heater supply and a neutralizer keeper supply. The
use of multiple anode supplies is probably the easiest way to
assure equal current sharing between the cathodes. Multiple anode
supplies with multiple cathodes were used successfully in 1.5-m
diageter ion thruster tests for operation at power levels up to 130
kW.

The switches in the dashed box labeled "SW1" are used to
enable the anode power supplies to heat the main discharge chamber
cathodes for engine start-up. Once the cathodes have been heated,
the anode power supplies are switched to the anode electrodes for
cathode ignition and normal operation. The switches in the dashed
boxes "SW2" and "SW3" are used to isolate individual ion source
segments from the high voltage power supplies. This feature is not
essential, but enables failed segments to be removed from the
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system, allowing the segmented ion thruster to continue to function
at reduced thrust.

The total accelerator system area for the segmented ion
thruster is six times the area of each individual ion source
segment. This approach enables large total accelerator system
areas to be achieved through the use of smaller, more manageable
individual ion source diameters. The use of relatively small ion
chamber diameters solves the span-to-gap problem central to the
development of large area, high power ion engines. Furthermore,
each segment has its own hollow cathode which operates at one sixth
the total engine discharge current. This decreased discharge
current requirement, together with the use of one cathode per
chamber, minimizes the cathode-jet problem of high-current hollow
cathodes, solves the plasma uniformity problem characteristic of
large diameter engines, and eliminates the starting problenms
associated with the use of multiple cathodes in a single discharge
chamber.

The SIT engine also has the advantage of failing gracefully.
Failure of one chamber results in the loss of only one sixth of the
total engine thrust, not in complete engine failure. This feature
can also be taken advantage of to throttle the engine. Engine
throttling can be accomplished by turning off individual segments,
thus enabling a minimum 6-to~1 thrust and power throttling range
(for a six-chamber SIT configuration). The SIT approach is
applicable to any individual chamber size. Projected SIT engine
performance values are given in Table 7 for individual segment
diameters of 30, 50 and 90 cm. Each SIT engine in this table is
comprised of 6 segments and is assumed to use argon as the
propellant. The power levels at the top of each column refer to
the input power to the power processor unit (which is assumed to be
93 % efficient).

The 100 kW SIT column in Table 7 refers to relatively
conservative engine performance which could be achieved using six
30-cm diameter chambers. This SIT thruster has a total grid area
equivalent to a conventional 70 cm diameter circular engine, which
is significantly beyond the current state-of-the-art, yet the
performance requirements for each individual segment are well
within current capabilities. The 130 kW SIT column refers to the
same SIT engine design as for the 100 kW SIT engine with the
exception that somewhat more optimistic segment operating
parameters are assumed. The data in this column indicate that with
the SIT design approach, a 130 kW argon ion engine operating at a
specific impulse of 10,000 s could be fabricated while requiring
almost no advancements to the state-of-the-art of engine
components.

The third column in this table indicates the performance made
possible by the SIT design approach using the 50-cm dlameter ion
source under development at NASA Lewis Research Center.® 1In this
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Table 7

Projected Performance of Segmented Ion Thrusters

100 kW 130 kW 400 kW 1000 kw"
SIT SIT SIT SIT
Number of Segments 6 6 6 6
Segment Diameter (cm) 30 30 50 90
Specific Impulse (s) 10,000 10,000 10,000 10,000
Power into Power 100 130 400 1,000
Processor Unit (kW)
Engine Efficiency 0.71 0.71 0.71 0.71
Thrust (N) 1.36 1.83 5.44 13.6
Total Grid Area (m?) 0.383 0.383 1.11 3.69
Equivalent Diameter (m) 0.70 0.70 1.19 2.17 |
Engine Mass (kg) 60 60 140 300
Each Segment
- Input power (kW) 15.5 21.0 62.2 156
| - Beam Current (A) 4.75 6.42 19.1 47.7
- Discharge Current (A) 33.9 45.8 136 426
- Grid Gap (mm) 1.11 1.11 1.11 1.29
- Beam Voltage (V) 2990 2990 2990 2990
- Total Voltage (V) 3225 3225 3225 3860
- Span-to-Gap Ratio 257 257 438 700
- Screen Hole Dia. (mm) 3.69 3.69 3.69 4.29

case each 50-cm diameter segment would be required to process 62
kW, with a beam current of 19.1 A and a discharge current of 136 A.
Achieving these performance values will require modest advancements
to the state-of-the-art. It should be noted, however, that argon
hollow cathodes have been operated at discharge currents of up to
150 A for as long as 24 hours, and at 100 A for over 1,000 hours.*
In addition, the accelerator system span-to-gap ratio required for
this design is only 438, which is less than the current state-of-
the-art. This results from the higher voltage and corresponding
large grid separation characteristic of operation at a specific
impulse of 10,000 s. The total grid area for this engine is
equivalent to a 110 cm diameter circular thruster. The data in
this column suggest that a 400 kW argon ion engine based on the SIT
design approach could be developed relatively easily.
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Finally, the last column in Table 7 indicates the projected
performance level for a 1 MW SIT engine and the attendant
performance requlrements for each individual segment. In this
case, each segment is required to be 90 cm in diameter, with an
accelerator system span-to-gap ratio of 700 and individual
discharge currents of over 400 A. These requirements are beyond
the current state-of-the-art, but are not so far beyond it as to be

unreasonable.
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10.0 BAFFLE EROSION STUDIES
10.1 Introduction

During the 1970s the 30-cm mercury ion engine, culminating
with the J-series ion engine, was developed to technology readiness
level 6. The operating life of the J-series ion engine at the 2.7
kW power level was limited by spalling of metal films which were
eroded from the baffle, a component placed just downstream of the
cathode (Fig. 44). These film flakes could become trapped between
the screen and accelerator grids and short them out.

For several reasons, inert gases have replaced mercury as the
propellant of choice for interplanetary and earth-orbital ion
propulsion systems. Erosion rates within the ion engine discharge
chamber, however, are greater with inert gas propellants than the
corresponding rates with mercury. This is due to the higher
sputter yields of the inert gases as compared to mercury, and to
the fact that inert gas ion engines are often operated at discharge
currents greater than those used on the J-series mercury ion
engine.

Data on erosion and wear rates within the discharge chamber of
ion engines operated on inert gases are limited. During the 5 kW,
xenon ring-cusp thruster wear test recently conducted at the NASA
Lewis Research Center (LeRC), the cathode starter electrode eroded
completely away within 890 hours. The neutralizer and engine
cathode orifice plates were also heavily eroded. 1In high current
hollow cathode testing conducted at JPL, significant erosion of
the pole piece, baffle, and other components was observed in the
vicinity of the hollow cathode operated on argon at 100 amperes, in
spite of the low discharge voltage (less than 24 volts) which was
used in the test.

Data presented in the following paragraphs summarize the
results of a three year investigation conducted at JPL on cathode
side baffle erosion and its relationship to cathode current
density. A more in-depth discussion of discharge chamber erosion
is presented in Appendix A.

10.2 Discussion

In 1987-1989, J-series ion thruster erosion testing with xenon
propellant at JPL revealed unexpectedly high erosion rates and
highly peaked erosion profiles on the cathode side of the
baffle.® %% In tests subsequently conducted at LeRC”, the erosion
rates of the cathode side of the baffle were measured to be between
40-90 times the erosion rate observed on the Mission Profile Life
Tests (MPLT) conducted on the 2.7 kW J-series ion engine operated
on mercury propellant in 1979-1981. The mechanism responsible for
these severe erosion rates was not understood.
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It has also been observed in tests at JPL that during the
first 160 hours of operation of a new cathode, the erosion rates at
the baffle were extreme, approaching 20,000 angstroms per hour.
Baffle erosion rates appear to drop significantly afterwards. Thus
preliminary indications are that the baffle erosion decreases as
the cathode ages, until a steady-state value is reached.

During testing conducted in 1988 on a high current hollow
cathode’” it was observed that a well-defined and collimated plume
was produced by the cathode when it was operated at a high emission
current. A section of the anode face plate 15 cm downstream of the
cathode was eroded, even though this face plate was at anode
potential. As a result of this testing it was suggested that a
cathode jet having ion energies of tens of electron volts might be
_the mechanism responsible for the high erosion rates observed at
the cathode side of the baffle.”

It was hypothesized that the formation of the cathode jet
was related to the current density through the cathode orifice.
Thus, for a fixed cathode emission current, increasing the cathode
orifice will reduce current densities at the cathode orifice, and
consequently minimize the effects of the cathode jet. In 1990 some
experimental data to support this conjecture were obtained at JPL
and are shown in Fig. 45. 1In this figure, the cathode side baffle
erosion rates from three experiments are plotted as a function of
the distance from the baffle center. In these experiments the
cathode emission currents (discharge currents) were almost
identical; the discharge voltage in all tests was 32 volts.
However, there are two significant differences in the
characteristics of the three sets of data. First, the erosion
rates for the test set which used the smaller cathode orifice are
greater than for those using the cathodes with the larger orifices.
Second, the cathode-side baffle erosion profiles are more peaked
for the test set which used the cathode with the smaller orifice.
In the case where a 1.78 mm (0.070") diameter cathode orifice and
12.7 A discharge current were used, the erosion profile is flat and
the erosion rates are lower than in the case with an 11.8 A
discharge.

Data on the ion velocity and number density in the cathode
plume were obtained at Colorado State University (CSU) and
presented to the 21st International Electric Propulsion Conference
(IEPC) in July 1990 (Ref. 72). These data show that the ion
energies could exceed 65 eV despite a plasma potential that was on
the order of 15 V. In addition these data indicate that ion energy
increased with increasing cathode emission current. The data
presented in Fig. 45 and Ref. 72 suggest that very significant
reductions in baffle erosion can be obtained by increasing cathode
orifice diameter.
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Legend:

Test % N2 Added Cathode
Date to Xenon Orifice Dia

cm
O 1989 0 0.07
A 1990 0 0.11
® 1989 2 0.07
A 1990 2 0.11
1990 0 0.18
4000
3000
EROSION
RATE.
R /Hr
2000
1000

Distance from baffle center. mm

Figure 45 Plot of baffle erosion as a function of distance from .
the baffle center.
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11.0 REVIEW OF ACCELERATOR GRID EROSION

Erosion of the downstream face of the accelerator grid is a
potential life-limiting mechanism in moderate or high power inert
gas ion engines. Accelerator grid erosion occurs when ions
downstream of the accelerator grid bombard the accelerator grid
surface with an energy of 200-500 eV and erode the surface in a
form of microscopic sand-blasting. During the SERT II flight tests
thruster operation was terminated by high-voltage grid shorts.””
Analysis of data and comparison with ground tests indicated that
the shorts were due to an eroded web of the accelerator grid which
was lodged between the grids. Ground test data indicated that the
placement of the neutralizer resulted in a large quantity of slow
ions in the vicinity of the accelerator grid which eroded the grid
until a grid fragment loosened, cantilevered toward the screen
grid, and shorted out the screen and accelerator grids on both
thrusters on board SERT II. In subsequent engine designs the
neutralizer was repositioned to eliminate the neutralizer as a
source of slow ions in the vicinity of the accelerator grid.

Most of the ions extracted from the discharge chamber of an
ion engine exit the accelerator grid at high velocity, and are
subsequently neutralized approximately 0.5 mm downstream of the
accelerator grid by electrons emitted from the neutralizer cathode.
However, a fraction of these beam ions collide with neutral
propellant atoms drifting slowly out of the engine through the
accelerator system apertures and undergo charge-exchange
collisions. When charge-exchange occurs, the positive charge of
the fast ion is transferred to the slow neutral atom, resulting in
a fast neutral and a slow ion. The slow positive ion is attracted
to the negative accelerator grid and strikes it with an energy
equal to the accelerator grid voltage, causing sputter erosion.

The erosion pattern typically consists of shallow grooves
eroded between each hole, and pits located at positions equidistant
between a set of three holes, where the charge-exchange impingement
current density is greatest. Charge-exchange erosion is highly
localized, being maximum at the pits, less at the grooves, and
virtually non-existent at other locations on the accelerator grid
surface. .

Data from recent tests of inert gas ion engines performed at
background pressures in the 10% Pa (10° torr) range indicate that
accelerator grid erosion from charge-exchange ions is severe at
these tank pressures. Pits were eroded completely through the 0.36
mm thick molybdenum grid used for discharge chamber erosion studies
described in Appendix A, as well as in the 890 hour endurance test
"of a 5 kW ring-cusp xenon ion engine discussed in Ref. 157.

Because of the observed severity of the accelerator grid

erosion, a literature survey and assessment of accelerator grid
erosion were performed. Over 200 references on ion propulsion were
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examined, mostly on mercury ion engines that were tested
extensively in the 1960s through the 1970s, and a far smaller
number on cesium or inert gas ion engines. From this literature
survey there were 93 references that addressed engine lifetime, for
which accelerator grid erosion is an important consideration.
These references™® are grouped into 6 categories as indicated in
Table 8.

Table 8 Summary of References on Ion Engine Life

CATEGORY NUMBER OF
_ . REFERENCES

1. SERT II flight test descriptions. 5

2. Accelerator grid erosion not addressed. 38

3. Accelerator grid erosion predictions, 12
estimates and/or wear mechanisms discussed.

4. Anecdotal descriptions that characterize 15
accelerator grid erosion as being minimal or
non-existent.

5. Accelerator grid erosion data compromised by 10
experimental difficulties.

6. Well-documented accelerator grid erosion 13
data.

Despite the extensive testing history and advanced level of
mercury ion thruster technology, there is surprisingly 1little
actual data on accelerator grid erosion. From this list of 93
references dealing with engine life, 65 do not mention accelerator
grid erosion at all, provide only estimates for accelerator grid
erosion, or provide anecdotal information on accelerator grid
erosion. Included in this category are all of the Mission Profile
Life Test (MPLT) descriptions on the J-series ion engine. It is
clear from the discussions in these references that accelerator
grid erosion was not perceived to be a significant life-limiting
mechanism in mercury ion engines.

Twenty-three references with accelerator grid erosion data
were surveyed. Of these, 10 were found to have experimental
difficulties that precluded an assessment of accelerator grid
erosion, leaving only 13 references that have accelerator grid
erosion data not compromised by experimental difficulties. These
references are listed in Table 9. 1In this table, "pit erosion"
refers to the holes etched into the accelerator grid at locations
in the grid webbing equidistant from 3 holes, "grid mass loss
(exp)" refers to the experimentally observed mass 1loss from
charge-exchange erosion or direct impingement current, "grid mass
loss (cal)" refers to the grid mass loss that is calculated using
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a method described in a 1later section, and "Uniform Current
Density" refers to the total accelerator grid impingement current
divided by the total accelerator grid surface area. '

Included in Table 9 are data from the MPLT.!® It was reported
in this reference that after 4263 hours of operating time at a beam
current of 2.0 A and an accelerator grid impingement current of 7.2
mA that, "All components external to the discharge chamber...were
examined and no quantifiable wear identified". It is surprising
that no grid mass loss or erosion data are presented in the MPLT
papers available in the literature. 1In addition, the experimental
result that there was no "quantifiable erosion" is surprising in
view of the results of other long duration tests.!®!¢! In these
tests!®ié the erosion rate of pits formed in the central region of
the accelerator system was 3.4x10-5 mm/hr for an accelerator grid
voltage which corresponds to a molybdenum grid sputter yield by
mercury ions of 0.S55. In Ref. 161 the pits eroded almost
completely through the grid, and in Ref. 160 the pits were eroded
completely through the 0.51 mm thick grid.

The MPLT life-tests were performed with lower accelerator grid
voltages than the tests!®!®! discussed above, resulting in a sputter
yield for mercury on molybdenum which was only 0.27, or
approximately a factor of two less than earlier long duration
tests. However, the total impingement current in the MPLT was
almost double that used in the 10,000 hour test of a 30-cm mercury
ion engine (Ref. 161), because of the greater beam current. If the
accelerator grid used in the MPLT test of thruster J1 had eroded in
a pattern similar to that observed in Ref. 161, then it is
estimated that there should have been approximately 0.1 mm (0.004")
of erosion on the J1 thruster accelerator grid, an amount which
should have been easily quantifiable on a grid which is only 0.38
mm (0.015") thick.

Comparisons of accelerator grid erosion data obtained in tests
performed on thrusters in different test facilities are valid only
if the grids erode in the same way on all the tests. It is
uncertain if this is the case for several reasons including, for
example, the fact that the MPLT thrusters used small hole
accelerator grid (SHAG) optics as opposed to the large hole
accelerator grid optics used in the 10,000 hour test.!' However,
it should be noted that the SHAG optics used in the acceptance
testing of thruster J10 showed visible accelerator pit and groove
erosion after only approximately 20 hours of operating time. It
seems surprising that accelerator grid erosion was not quantified
in the MPLT test series conducted on the J-series Hg ion engine.

Another method used to assess grid erosion observed in
different tests reported in the literature was to calculate the
mass loss of the accelerator grid using published sputter yields
and to compare the mass loss prediction with experimental data. 1In
calculating the grid mass loss, it was assumed that all of the
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accelerator grid impingement current was charge exchange current
that eroded grooves or pits into the accelerator grids with ion
energies equal to the applied accelerator grid voltage (which is
normally in the range of 200-800 volts). This assumption neglects
several important effects including the ion focusing which creates
the pits and groove patterns, as well as the emission of secondary
electrons from the accelerator grid. Secondary electrons resulting
from the ion bombardment of the grid surface add to the measured
accelerator grid "impingement" current. In addition, in Fig. 46 it
is shown that charge-exchange ion energies are a function of where
the ions are formed. Since sputter yield, and hence the erosion
rate, is a strong function of the ion energy, the assumption that
all accelerator grid impingement current strikes the accelerator
grid at the full accelerator grid voltage and the neglect of
secondary electron emission should result in mass loss predictions
which are too high. The mass loss of the grids is calculated using
the following expression:

m, = J,C;Y mt,. (49)

As can be seen in Table 9, the largest grid mass loss value
was obtained during the recent 895 hour ring-cusp, xenon thruster
life test'’, followed by the value obtained during the 10,000 hour
life test of a 30-cm Hg ion thruster.!!

The ratios of calculated grid mass loss to the corresponding
experimentally observed values vary from 0.4 to 4.9, with most
ratios between 1.6 - 4.9. Those ratios that are greater than 1 are
probably due to actual grid erosion rates that are reduced due to
facility effects such as oxidation, surface nitriding of the
molybdenum grid, back-sputtering of beam target material onto the
grid, or to uncertainties in the incident ion energies. 1In Ref.
164, where the ratio of calculated to experimentally observed grid
mass loss is 0.4, the most 1likely explanation is that there was
significant erosion of the grid due to direct ion impingement.
These ions would have energies far higher than those assumed for
the mass 1loss calculation, because these ions strike the
accelerator grid with the full potential difference between the
accelerator grid and the screen grid.

The uniform current density of charge exchange ions at the
grid surface is calculated with the assumption that all accelerator
grid impingement current is charge exchange current. This
impingement current is divided by the total grid surface area
(total grid area minus the grid hole area) to obtain the uniform
charge-exchange impingement current density in mA/cm?’. Values for
this parameter are listed in Table 9, in which the test data are
ordered according to the uniform charge exchange current density.

The product of the uniform charge exchange current density and

the sputter yield corresponding to the applied accelerator grid
voltage is calculated and compared to the actual grid mass loss and
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pit erosion rates, shown in Tables 10 and 11. There is generally
poor agreement between these calculations and the measured grid
mass losses, but there is generally very good agreement between
these calculations and pit erosion rates. There are no grid
erosion data for the J-series MPLT; however, the calculated value
of uniform current density multiplied by sputter yield for the
thruster J1" is equal to the value calculated for the 10,000 hour
30-cm Hg thruster test.! It is of interest to note that the
uniform charge-exchange current density and pit erosion rates for
both Ref. 160 and Ref. 161 are almost identical.

Table 10 Grid Mass Loss Ordered by JY

Reference # Grid Mass Loss JY
(@) (mA/cm?)
157 17.8 18.4
158 2.0 14.0
154 0.2 7.7
163 3.7 5.0 ||
162 _ 0.6 2.2 ||

Table 11 Pit Erosion Rates Ordered by J g sniform¥
Reference # Pit Erosion Rate J o uniform¥
(mm/hr) (mi7;m5
157 40.0 18.4
158 . 4.1 14.0
[ -
154 9.5 7.7
160 3.4 5.0
161l 3.4 3.9
159 0 1.7
155 0.7 0.9
—

Examination of the erosion pattern on the downstream face of
the accelerator grid used during the 895 hour ring-cusp engine life
test'’, as well as on the accelerator grid used in the discharge
chamber erosion studies described in Appendix A, shows that pits
eroded into the grids contribute approximately 33% of the total
volume removed from the grid, with the rest coming from material
etched from both the upstream side of the pit and from grooves
eroded into the downstream face of the grid. Unfortunately,
erosion rate data at these sites are virtually non-existent.
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Using measured pit erosion rates and known grid sputter
yields, the current density at the pit locations can be calculated.
There 1is some uncertainty in this calculation due to the
characteristics of ion sputtering. As a pit begins to form, the
pit walls present a surface which is at an angle to the incident
ion. Material sputter yields are a function of the ion angle of
incidence, and achieve a maximum at approximately 40 degrees to
normal. Consequently, the sputter yield of the inclined surface
may be up to 50% greater than the nominal sputter yield.
Alternatively, material sputtered from the pit walls may be
redeposited onto the bottom of the pit, thus reducing the effective
sputter yield. The net effect of these competing processes is
unknown. It is speculated that the effective sputter yield of the
molybdenum grid is somewhat higher due to the dependence of sputter
vield on the angle of incidence, and that material eroded from the
pit bottom probably deposits onto the pit sidewalls, creating the
deep pits seen in severely eroded grids.

The current density calculated at the pits, divided by the
current density calculated assuming a uniform distribution of the
charge exchange ions, results in fractions ranging from 2.0 to 6.3
for the data in Table 9, with most values in the range of 4.0-6.0.
The one exception is for the data from Ref. 160, in which a
fraction of 0.38 was calculated. It is unknown why the pit erosion
rate for this test was so low.

The results of this study on accelerator grid erosion data are
summarized as follows:

1. Actual experimental data on accelerator grid erosion are
limited.

2. It was generally perceived in the 1970's and early 1980's
that accelerator grid erosion was not a life-limiting
mechanism for 2.7 kW Hg ion thrusters with a design
operating life of 15,000 hours.

3. There are no published accelerator grid erosion data for
the J-series MPLT thruster tests.

4. Significant accelerator grid erosion was observed in long
duration tests of low power (< 2 kW) Hg ion thrusters.

5. There is a reasonably good correlation between observed
pit erosion rates and the product of the uniform charge
exchange current density times the grid sputter yield.

6. The correlation between calculated grid mass loss and
experimental data reported in the references is generally
poor.

7. J,/J, was generally 0.003-0.006.
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11.1 Implications for Xenon Ion Thruster Accelerator Grid Life

Accelerator grid erosion in xenon ion thrusters is expected to
be greater than in mercury ion thrusters. This is due primarily to
increased molybdenum sputter yields (Fig. 47) when using xenon,
and to the fact that, because xenon is a lighter atom than
mercury, beam voltage is less and hence beam current is greater
(for a fixed I,, and beam power). Greater beam current implies that
more charge-exchange ions will be created and available to erode
the downstream face of the accelerator grid.

Screen grid life was historically defined®® as the time
required to erode the grid to one-half of its original thickness.
However, it has been implied in Refs. 138, 146 and 157 that the
formation of pits in the accelerator grid, even if they pierce the
entire grid thickness (through-pits), is not a 1life limiting
phenomenon. In Ref. 146 a cesium ion engine was operated with
through-pits etched into the accelerator grid with no apparent
deleterious effects. In other references!®!!’ it has been
suggested that a suitable definition for accelerator grid operating
life is the time required to erode completely through the grooves
etched into the grids. Under this definition, the accelerator grid
is considered to be a functioning engine component until it begins
to disintegrate. No other definitions for accelerator grid life
were found in the literature.

Long duration ion engine tests, however, suggest that the end
of the useful accelerator grid life will occur before the grooves
erode completely through the accelerator grid webbing. Both
engines used on the SERT II flight test were rendered temporarily
or permanently inoperable when small sections of the accelerator
grid, weakened by severe accelerator grid erosion, appear to have
cantilevered toward the screen grid, creating a screen to
accelerator grid short.” In Ref. 144, charge-exchange ions
travelling upstream through pits that were eroded completely
through the accelerator grid were reflected by the screen grid
potential back to the accelerator grid. Material eroded from the
upstream surface of the accelerator grid by these ions formed
deposits onto the downstream face of the screen grid, which, in
post-test handling, flaked off and lodged between the screen and
accelerator grids. In Refs. 64 and 20, high rates of grid arcs and
recycles were believed to be due to these screen grid deposits. In
Ref. 161, high recycle rates were attributed to flaking or loss of
electrode structural stability due to excessive grid wear. In Ref.
157, whiskers from charge-exchange and graphite target erosion may
have caused a high rate of recycles which frequently extinguished
the discharge.

In addition to the difficulties cited above in operating the
ion engines until the grooves erode completely through the grids,
ion engine performance may degrade significantly. The pits erode
through the accelerator grid far sooner than do the grooves. As
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they enlarge, the grid open area increases, allowing more neutral
atoms. to escape the discharge chamber. The increased loss rate of
neutral gas atoms increases the production of charge exchange ions,
which will increase the erosion rate of both the pits and the
grooves. The possibility exists that the pits will enlarge to such
a degree that, due to the decrease in discharge chamber pressure,
the rate of ion production will be reduced in the discharge
chamber. This scenario also illustrates the difficulty of trying
to predict ion engine grid life based on short duration tests.

The results of the experimental data listed above and the SERT
II flight test experience suggest that a reasonable definition for
the end of accelerator grid life may be the time required to erode
pits completely through the face of the accelerator grid.
Termination of ion engine operation when through-pits are created
will prevent the formation of sputter deposits on the downstream
face of the screen grid and thus eliminate the excessive
high-voltage arcing events caused by these deposits. Termination
of ion engine operation prior to excessive groove erosion will
prevent the loss of structural integrity of the grids.

11.2 Xenon Ion Engine Accelerator Grid Erosion Rate Estimate

The best data for xenon ion en%;ne accelerator grid erosion
were obtained in the recent life test!’ performed on a ring-cusp ion
engine operated at 5 kW. 1In this test, grooves 0.076 mm deep were
eroded into the downstream face of the accelerator grid in 906
hours of operating time; pits were eroded completely through the
accelerator grid in less than 895 hours. The ultimate accelerator
grid life was estimated to be 11,500 hours. This estimate was
based on the following assumptions and data:

1. Accelerator grid life is defined as the time required to
erode completely through the grooves formed in the middle
portion of the grid, where erosion rates are highest.

2. Grid thickness is 0.36 mm.

3. The groove erosion rate is 8.4 x 10° mm/hr, resulting in
a grid life of 4200 hours for the conditions under which
the test was performed.

4. Of the 17.5 mA of charge-exchange current, 64% are
"facility effect" ions, created due to the high
background pressure in the vacuum tank which was used for

the 1life test. It was assumed that in space-like
conditions, the charge-exchange current would be only 6.2
mA. '

Using these assumptions, the accelerator grid life due to groove
erosion is 4200 hours; in space conditions this life is increased
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by a factor of 2.8 due to the decrease in accelerator charge
exchange current:

(17.5 mA) /(6.2 mA) x (4,200 hrs) = 11,854 hrs.

In reality, a useful grid life time of this value may be difficult
to achieve.

1. First, it may not be possible, as discussed above, to
operate the engine until grooves are eroded completely
through the grid.

2. Second, the groove erosion rate may not remain as low as
8.5x10° mm/hr, due to increased pit erosion and increased
charge-exchange ion production as the accelerator grid
erodes.

3. finally, the ratio J,/J, in space may not be as low as
0.0019. Historical data from Table 9 suggest that
typical values for this ratio will be 0.003-0.006.

If the historical value of 0.003 is used for J,/J,, then grid life
is calculated to be

(0.002/0.003) * (11,854 hrs) = 7,902 hrs
Grid life, defined as the time required to erode pits through
the accelerator grid, can be calculated using the following
assumptions:

1. The uniform charge exchange current density is 0.036
: mA/cm?.

2. The charge exchange current density at pit locations is
in the range of 1 to 6 times the uniform current density.

3. The erosion rate, assuming a uniform current density, is
6.4x10° mm/hr.

The time required to erode through-pits into the 0.36 mm thick grid
would be calculated as follows:

Minimum
Pit Erosion (0.36 mm)/(6.4x10° mm/hr) x 1 = 5,625 hrs
Maximum
Pit Erosion (0.36 mm)/(6.4%x10° mm/hr) x 6 = 937 hrs.

Another way to estimate the accelerator grid life is to assume
that the pits appeared after 906 hours of operating time, and that
in space the charge-exchange current can be reduced by a factor of
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2.8. Then the expected grid life would be
' (906 hrs) x (2.8) = 2,537 hrs.

These grid life estimates are all substantially less than that
made in Ref. 159 because a different set of assumptions were used.
Additional testing is required to accurately determine xenon ion
engine accelerator grid life, but preliminary analyses indicate
that accelerator grid erosion is a severe problem in xenon ion
engines.
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